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16,  Abstract 


This  publication  outlines  the  proceedings  of  a  workshop  held  in  July  1991  at 
Cambridge,  MA.  The  workshop  provided  a  forum  for  leading  pavement  engineers, 
researchers  and  materials  scientists  to  present  concepts  for  the  formulation  of  a 
unified  mechanistic  methodology  for  the  analysis  and  design  of  pavements  serving 
civil  aircraft.  The  need  developed  from  industry’s  requests  for  adequate  methods  to 
design,  analyze  and  predict  performance  of  pavements  serving  more  demanding 
aircraft.  The  publication  contains  essential  elements  of  papers  and  reports 
presented  at  the  workshop. 


The  general  agreement  was  that,  given  the  prevailing  state  of  the  art  in  computer 
capability,  the  requirements  for  increased  capacity  through  more  frequent  passes 
and  heavier  aircraft,  and  the  development  of  new  man-made  construction  materials, 
a  more  realistic  and  cost-beneficial  approach  to  pavement  analysis  and  design 
could  be  accomplished  through  the  use  of  discrete  material  elements,  faithful 
representation  of  actual  material  behavior  and  geometry,  and  dynamic  interaction 
with  rates  of  loading  from  any  gear  configuration.  The  belief  was  that  computer 
programs  capable  to  perform  the  task  already  exist  in  other  areas  of  engineering 
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mechanics  and  that  they  could  be  tailored  for  pavement  applications.  The  papers 
presented  would  substitute  current  methods  based  on  empirical  data  and  broad 
theoretical  assumptions  with  a  generally  applicable  mechanistic  approach.  The 
suggested  approach  would  obviate  anomalies  that  result  when  current  methods  are 
applied  to  certain  cross-section  configurations.  The  recommended  approaches 
would  provide  the  comprehensive  vehicle  necessary  for  the  analysis  of  stresses  and 
strains,  displacements,  and  pavement  damage  under  virtually  all  operating 
conditions  and  materia)  types,  as  well  as,  provide  a  foundation  for  nondestructive 
testing  of  airport  pavements. 

This  publication  presents  customary  constitutive  relationships  in  common 
engineering  notation  and  offers  plans  for  the  treatment  of  failure  surfaces  for  many 
different  classes  of  pavement  materials.  The  authors  point  to  the  need  for  improved 
laboratory  testing  and  materials  characterization  for  input  into  any  practical 
formulation.  They  also  repeat  the  need  for  accurate  and  pertinent  field  data  to 
verify  the  adequacy  and  reliability  of  computations  derived  from  the  use  of  an 
advanced  theoretical  model. 
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1.  Background 

Air  transponaaon  is  a  vital  component  of  interregional,  interstate  and  international 
commerce  and  recreation  of  the  United  States.  In  the  past  two  decades  there  has  been  a 
tremendous  growth  in  air  traffic.  The  construction  of  airport  facilities  during  this  time,  however, 
has  been  virtually  stagnant  As  a  result  the  airport  system  has  been  stretched  near  its  limits  of 
capacity.  Gosure  of  a  pavement,  especially  a  runway  at  a  major  airport,  can  affect  the  operations 
of  the  entire  airport  system.  Pavement  reliability,  therefore,  is  critical  to  air  transportation 
convenience  and  dependability. 

The  need  for  reliable  pavement  design  has  long  been  recognized  as  integral  to  the  smooth 
functioning  of  airports.  However,  the  airport  pavements  that  serve  their  original  design  life  without 
extensive  maintenance  are  the  exception  rather  than  the  rule.  One  of  the  most  prevalent  problems  in 
airport  pavement  design  has  been  underestimating  the  rate  of  air  traffic  growth  and  hence  the 
underdesign  of  the  pavements. 

Pavements  are  one  of  the  most  difficult  design  problems  faced  by  civil  engineers. 
Pavements  are  constructed  with  low-cost  materials  whose  properties  are  highly  variable  and 
dependent  on  environmental  and  load  conditions.  Traffic  loadings  are  difficult  to  forecast  as  air 
traffic  growth  frequently  exceeds  expectations  and  as  new  aircraft  are  introduced  Environmental 
conditions  can  be  evaluated  on  a  probabilistic  basis  from  historical  trends;  however,  the  specific 
environment  at  a  particular  point  in  time  can  have  a  dramatic  effect  on  the  performance  of  the 
pavement 

Doe  to  the  difficulty  of  the  airport  pavement  analysis  process,  design  methods  hive  evolved 
in  an  empirical  manner.  While  these  methods  produced  workable  designs,  they  have  severe! 
shortcomings.  There  have  been  significant  developments  in  the  areas  of  engineering  mechanics 
and  materials  evaluation  that  can  provide  the  foundation  for  the  development  erf  improved  airport 
pavement  design  procedures.  The  purpose  of  this  report  is  tosummuize  the  state  of  the  eitin 
airport  pavement  analysis  models.  This  task  does  not  have  a  dear  boundary.  Thereare  models 
that  have  been  used  for  many  yeans  for  pavement  desifo.  There  are  also  models  that  are  applied 
only  by  enginem  that  are  the  leading  edge  of  technology  for  the  design  of  pavement  structures. 

Other  models  have  been  proposed  by  researchers  but  have  not  been  used  extensively  for  airport 
pavement  analysis.  Finally,  there  are  models  that  have  been  developed  in  other  engineering  fields 
that  can  be  applied  to  the  analysis  of  airport  pavements. 
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1 .1  Design  Models 


The  Federal  Aviation  Administration  (FAA)  pavement  design  procedure  presents  methods 
for  the  design  of  flexible  and  rigid  pavements  for  light  and  heavy  aircraft.  Only  the  procedure  for 
heavy  aircraft,  weighing  more  than  30,000  pounds  is  reviewed  here.  The  flexible  pavement  design 
procedure  is  based  on  the  California  Bearing  Ratio  (CBR)  test  The  rigid  pavement  design 
procedure  is  based  ext  the  Westergaard  stress  equation  for  joint  edge  stress. 

1.1.1  FAA  Flexible  Pavement  Design 

The  essence  of  the  CBR  design  procedure  is  the  protection  of  the  subgrade  from 
overstressing  by  using  layers  of  successively  weaker  materials  with  depth.  Separate  design  curves 
are  available  for  single,  dual,  and  dual-tandem  gears  and  for  each  of  the  wide  body  aircraft 

In  this  procedure,  it  is  assumed  the  asphalt  concrete  will  meet  specified  criteria  in  terms  of 
mix  design  and  construction  quality.  There  is  no  method  for  adjusting  the  thicknesses  based  on  the 
quality  of  the  surface  material,  ft  fa  assumed  the  base  wiH  be  a  granular  material!  withaCBRof  80. 

Required  layer  thickness  is  determined  by  the  following  sequence  of  functional 
relationships: 


Tp  «  flSGcBR.  WD,  Ne) 

«  Specified  on  the  design  charts 

C2) 

-  f(SBCBR,Tp.WD,NE) 

O) 

°  KSBcgR,  Tp) 

(4) 

tb 

=  max  OTbo^,  Tag) 

(5) 

tsb 

“  WTS 

(6) 

Design  chans  are  used  to  quantify  equations  1, 3,  and  4.  In  some  cases,  the  thickness 
requirement  for  the  subbase  is  adjusted  if  the  upper  ponion  of  the  subgrade  has  a  thin  layer  of 
material  near  the  surface. 

The  thickness  of  the  surface  is  5  inches  for  wide-bodied  aircraft,  4  inches  for  all  other 
aircraft  in  the  critical  areas,  and  1  inch  less  for  all  other  areas.  The  thickness  of  the  surface  is 
determined  based  on  whether  or  not  there  are  wide-bodied  aircraft  and  not  on  the  design  aircraft 
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Stabilized  bases  are  required  for  all  airports  serving  jet  aircraft  weighing  more  than  100,000 
pounds,  unless  there  is  a  history  of  satisfactory  performance  of  the  locally  available  granular 
materials.  Stabilized  bases  and  subbases  can  also  be  used  if  there  is  an  economic  advantage  in 
using  these  materials.  A  reduction  in  the  thickness  of  the  pavement  is  allowed  for  stabilized 
materials  through  the  use  of  material  equivalency  factors.  However,  the  design  manual  only 
provides  ranges  for  the  adjustment  factors  based  on  the  type  of  the  material.  Selection  of  a  specific 
material  equivalency  factor  is  left  to  the  experience  of  the  designer. 

The  design  curves  are  limited  to  25,000  applications.  For  a  greater  number  of  departures, 
the  design  is  increased  on  a  simple  extrapolation.  For  high-traffic  volumes,  the  total  pavement 
thickness  is  increased  by  a  multiplier  and  the  surface  thickness  is  increased  by  1  inch. 

1.1.2  FAA  Rigid  Pavement  Design 

The  slab  thickness  for  a  concrete  pavement  is  determined  from  design  charts  based  on  the 
flexural  strength  of  the  concrete,  the  modulus  of  subgrade  reaction,  weight  of  the  design  aircraft, 
and  equivalent  number  of  applications.  Subbase  is  required  to  be  a  minimum  of  4  inches  of 
granular  material.  If  the  airport  serves  aircraft  with  weights  in  excess  of  100,000  pounds,  then  a 
stabilized  base  is  required.  The  strength  of  the  stabilized  base  can  be  used  to  increase  the  modulus 
of  subgrade  reaction  and  thereby  reduces  the  thickness  of  the  slab. 

As  with  flexible  pavements,  the  design  curves  are  limited  to  25,000  load  applications  and 
extrapolated;  multiplying  factors  are  used  to  increase  the  thickness  of  the  slab.  These  factors  are 
relatively  insensitive  to  the  number  of  applications.  Increasing  the  number  of  applications  from 
25,000  to  50,000  only  increases  the  thickness  of  the  slab  by  4  percent 


1.2  Asphalt  Institute 

The  pavement  design  charts  for  the  Asphalt  Institute  design  procedure  for  full-depth  asphalt 
concrete  pavements  were  developed  based  on  elastic  layer  theory  analysis  and  two  distress  types, 
fatigue  and  permanent  deformation.  The  fatigue  criteria  are  based  on  limiting  the  horizontal  tensile 
strain  at  the  bottom  of  the  surface  layer.  The  permanent  deformation  criteria  is  based  on  limiting 
the  vertical  compressive  stress  at  the  top  of  the  subgrade.  All  aircraft  classes  are  converted  to  the 
"standard  aircraft;"  the  DC-8-63F  was  "arbitrarily"  selected  to  be  the  standard.  Taxiways  are 
considered  to  be  the  critical  portion  of  the  airfield  pavement  The  design  process  is  summarized  in 
Figure  1-1. 
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The  inputs  to  the  design  process  are  the  mean  annual  air  temperature,  the  design  subgrade 
modulus,  and  the  expected  number  of  repetitions  of  each  aircraft  type.  The  design  subgrade 
modulus  requires  performing  a  series  of  soils  tests  and  selecting  the  85  percentile  value,  e.g.,  only 
15  percent  of  the  subgrade  tests  have  a  lower  value  than  the  design  value.  The  manual 
recommends  laboratory  evaluation  of  the  modulus  using  the  triaxial  test  procedure  specified  in  the 
manual.  Approximations  are  available  for  estimating  the  modulus  from  the  CBR  test,  plate  bearing 
test  and  the  FAA  Soil  Classification.  The  manual  provides  specifications  for  the  asphalt  concrete 
but  the  properties  of  the  asphalt  concrete  are  not  a  direct  input  to  the  design  process. 

The  procedure  requires  the  development  of  curves  for  the  allowable  number  of  applications 
and  the  estimation  of  equivalent  applications  for  both  fatigue  and  plastic  deformation.  Design 
charts  are  used  for  selecting  the  allowable  number  of  applications  as  a  function  of  the  subgrade 
modulus  and  the  mean  annual  temperature.  For  a  given  subgrade  modulus  and  temperature,  the 
required  thickness  is  determined  for  several  different  assumed  traffic  loadings  and  the  results  are 
plotted  on  a  design  graph  for  both  the  fatigue  and  plastic  analysis.  This  establishes  the  allowable 
traffic  curve. 

The  traffic  equivalency  curves  are  then  used  to  convert  the  number  of  aircraft  loadings  into 
equivalent  loadings.  Equivalencies  are  determined  for  four  wheel  paths  and  four  different  pavement 
thicknesses.  For  each  assumed  thickness,  critical  wheel  path  is  determined  as  the  one  with  the 
greatest  number  of  total  equivalencies.  The  number  of  equivalencies  and  corresponding 
thicknesses  are  plotted  on  the  design  graph  to  establish  the  predicted  traffic  curve. 

The  intersection  of  the  predicted  and  allowable  traffic  curves  defines  the  required  pavement 
thickness  for  each  of  the  design  modes.  The  final  pavement  thickness  is  the  greater  of  the 
thicknesses  required  for  either  the  fatigue  or  plastic  deformation  load. 
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Airport  Pavement  Thickness 
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That  equivalency  factors  for  each  of  the  aircraft  types  is  a  function  of  the  pavement 
thickness  is  a  major  difference  between  die  Asphalt  Institute  method  and  the  FAA  procedure. 
Theory  would  favor  the  Asphalt  Institute  method  since  the  relative  damage  caused  by  an  aircraft  is 
a  function  of  the  stiffness  of  the  pavement  and,  therefore,  the  equivalency  factors  should  consider 
the  thickness  of  the  pavements. 


1.3  Portland  Cement  Association 

The  Portland  Cement  Association  design  manual  for  rigid  pavements  presents  two  design 
methods:  one  based  on  the  critical  aircraft  that  will  use  the  facility  and  the  other  based  on  the  fatigue 
life  of  the  pavement  Both  methods  use  the  Westergaard  theories  for  determining  the  stresses  in 
the  pavement  structure. 

The  steps  in  the  critical  aircraft  design  method  are: 

1.  Determine  the  X  vr'  it  of  subgrade  support  with  plate  bearing  tests  or  correlation  to 
subgrade  soil  test  data. 

2.  Select  a  safety  factor  based  on  the  estimated  operating  and  load  conditions.  The  safety 
factor  is  tue  ratio  of  the  design  r  dulus  of  nipmrc.  of  the  concrete  to  the  working  stress 
that  will  be  used  'or  design.  The  safety  factor  ranges  from  1.7  to  2.0  for  the  critical 
areas,  and  1.4  to  1.7  for  ttcnoritieal  areas.  The  critical  areas  are  aprons,  taxiways,  hard 
stands,  runway  ends  and  hangar  floors.  The  norcritical  areas  arc  the  central  portion  of 
the  runway  and  some  high-speed  exit  taxiways.  The  selection  of  a  specific  safety  factor 
for  an  aircraft  depends  on  the*xpccul  number  of  loadings. 

3.  The  working  stress  far  the  design  is  determined  by  dividing  the  modulus  of  rupture  of 
the  concrete  by  the  chosen  safety  factor. 

4.  IV.  required  pavement  thickness  is  dstesmined  from  the  design  charts  as  a  function  of 
the  working  stress,  gear  load,  and  K  value. 

5.  The  process  is  repeated  for  other  aircraft  that  can  have  critical  loads.  The  safety  factor 
is  adjusted  for  each 'of  the  types  of  critical  aircraft. 

The  PCA  statos  that  the  fatigue  method  of  design  applies  to: 

1.  Design  far  specific  volumes  of  mixed  traffic; 


6 


2.  Evaluation  of  future  traffic  capacity  of  existing  pavements  or  of  an  existing  pavement's 
capacity  to  cany  a  limited  number  of  overloads; 

3 .  Evaluation  of  the  fatigue  effects  of  future  aircraft  with  complex  gear  arrangements;  and 

4.  More  precise  definition  of  the  comparative  thicknesses  of  runways,  taxiways,  and  other 
pavement  areas  depending  cm  the  operational  characteristics. 

The  fatigue  method  introduces  three  additional  design  parameters: 

1 .  Traffic  width  for  taxiways,  runways  and  ramps; 

2.  Variability  of  concrete  strength;  and 

3 .  Downgrading  of  service  life  where  a  good  subbase  support  is  not  provided. 

The  basic  steps  in  the  fatigue  analysis  method  are: 

1.  Estimate  the  number  of  operations  of  each  type  of  aircraft 

2.  Use  influence  charts  or  the  PCA  computer  program  to  estimate  the  stress  each  aircraft 
will  cause  in  the  pavement  For  design,  this  requires  assuming  a  thickness. 

3.  Estimate  the  design  modulus  or  rupture  (DMR)  for  the  concrete  as  a  function  of  the 
variability  of  the  concrete: 

DMR  -  MR^d-V/lOOJM  (7) 

where 

MRqq  a  average  modulus  of  rupture  at  90  days 

V  »  Coefficient  of  variation  of  modulus  of  rupture  in  percent  (range  10  to  18 
percent) 

M  =  factor  for  the  average  modulus  of  rupture  during  design  life,  recognizing 
that  concrete  strength  increases  with  age  (typically  1.10). 

4.  Compute  the  stress  ratio  of  the  estimated  stress  for  each  aircraft  to  the  design  modulus 
of  rupture. 

5.  Determine  the  load  repetition  factor  (LRF)  for  each  aircraft  LRF  is  determined  from 
stresses,  the  fatigue  1,  curve  and  the  probability  distribution  of  aircraft  wander.  The 
design  manual  provides  tabular  values  far  LRF. 

6.  Detemurw  tire  number  of  finigue  repetitions  for  each  aircraft  by  multiplying  the  expected 
number  of  departures  by  the  LRF. 
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7 .  Determine  the  number  of  allowable  repetitions  for  each  aircraft  as  a  function  of  the 
stress  ratio  and  the  fatigue  curve. 

8 .  Determine  the  percent  of  structural  capacity  used  by  each  aircraft  as  the  ratio  of  the 
fatigue  repetitions  to  the  allowable  repetitions.  Sum  the  percent  of  structural  capacity 
used  by  all  of  the  aircraft  Adjust  the  percent  of  fatigue  life  used  when  the  K  value  is 
less  than  200  pci  This  adjustment  ranges  from  8  for  a  K  value  of  SO  to  1  for  a  K  value 
of 200  pci.  The  adjusted  percent  of  fatigue  life  should  be  dose  to  but  not  exceed  100 
percent 

The  PCA  manual  addresses  the  design  of  continuously  reinforced  concrete  pavements,  but 
recommends  that  the  thickness  design  be  the  same  as  for  plain  concrete  pavements.  This  manual 
states  that  reducing  the  thickness  can  increase  deflection  and  promote  spalling  of  the  joints. 


1.4  Department  of  Defense  Pavement  Design  Methods 

The  Army  and  Air  Force  share  a  common  procedure  for  the  design  of  rigid  pavements, 
while  the  Navy  has  a  separate  design  procedure  for  a  triservice  manual  used  for  the  design  of 
flexible  pavements  for  all  services.  Ln  addition,  the  Army  and  Air  Force  have  a  manual  for  the 
design  of  flexible  pavements  using  elastic  layer  theory. 

Each  of  the  pavement  design  manuals  requires  designing  different  pavement  sections  based 
on  the  airfield  class  and  traffic  areas.  Far  example,  the  Air  Force  defines  four  pavement  area  types 
ranging  from  highly  channelized  traffic  such  as  on  primary  taxiways,  type  A,  to  low-volume  and 
low-weight  traffic  areas,  type  D.  In  addition,  each  airfield  h  designated  as  a  light,  medium  and 
tnodified-heavy,  heavy  load,  or  short-field  facility.  The  traffic  area  types  for  each  facility  are 
shown  in  Figures  1-2  through  1-4.  The  aircraft  design  loads  and  number  of  applications  for  Air 
Force  pavement  design  are  given  in  Table  1-1,  The  Army  and  Navy  use  a  similar  concept  with 
different  terminology  for  the  airfield  designations  and  traffic  areas. 
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WARM-UP  APRON  TYPE! 


Figure  1-2.  Air  Fore*  Traffic  Arm,  Ugh!  Load  AirfWds 


9 


Figure  1-3.  Air  Force  Traffic  Areas,  Medium  and  Modifled-Heavy  Load 

Airfields 
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Table  1- 


.  Design  Weights  and  Pass  Levels  for  Airfield  Pavements,  Air 

Force 

(Weights  in  1000  pounds) 
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1.4.1  Triservice  Manual  for  Flexible  Pavement  Design 


The  design  of  conventional  flexible  pavements  and  flexible  pavements  with  stabilized  bases 
and/or  subbases  are  covered  in  reference.  The  design  process  uses  the  CBR  procedure  for  the 
distribution  of  stresses  through  the  layered  pavement  section.  Design  of  full-depth  bituminous 
concrete  pavements  is  beyond  the  scope  of  this  report  The  design  sequence  is: 

1 .  Determine  design  CBR  of  the  subgrade,  depending  on  the  variability  of  the  subgrade. 
(Either  distinct  pavement  design  areas  can  be  used,  or  the  85  percentile  of  the  subgrade 
tests  can  be  used. 

2 .  Determine  the  total  pavement  thickness  required  based  on  the  type  of  facility,  subgrade 
CBR,  gross  aircraft  weight  and  number  of  passes. 

3.  Determine  the  design  CBR  of  the  subbase. 

4.  Determine  the  thickness  of  surface  and  base  required  by  entering  the  design  curves  with 
the  subbase  CBR. 

5.  Determine  the  minimum  thickness  of  the  surface  from  the  appropriate  table.  Minimum 
base  thicknesses  are  given  for  base  materials  with  CBR  values  of  80  and  100  percent. 
There  is  no  incentive  in  the  design  procedure  for  using  a  surface  thickness  greater  than 
the  minimum,  so  practical  design  would  use  the  minimum  surface  thickness.  The 
thickness  of  the  base  is  the  maximum  of  either  the  minimum  required  base  thickness  or 
the  difference  between  the  total  pavement  thickness  and  the  minimum  surface  thickness. 

6.  The  thickness  of  the  subbase  is  equal  to  the  difference  between  the  total  required 
thickness  and  die  combined  thickness  of  the  surface  and  the  base.  If  this  produces  a 
subbase  thickness  less  than  6  inches,  consideration  should  be  given  to  increasing  the 
thickness  of  the  bare  and  eliminating  the  subbase. 

Design  of  pavements  with  stabilized  bare  and  subbases  requires  the  design  of  a 
conventional  pavement  and  then  a  reduction  of  the  required  thicknesses  based  on  equivalency 
factors.  There  are  a  variety  of  rules  that  address  the  appropriate  application  of  stabilization 
materials. 
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1.4.2  Army-Air  Force  Rigid  Pavement  Design 

The  Army-Air  Force  rigid  pavement  design  manual  presents  procedures  for  the  design  of 
plain,  jointed-reinforced,  steel-fibrous,  continuously  reinforced  and  prestressed  concrete 
pavements. 

1.4.2. 1  Plain  Concrete  Airfield  Pavements 

The  edge  stresses  are  reduced  by  25  percent  to  account  for  load  transfer  afforded  by  the 
joint  designs  required.  The  flexural  modulus  of  elasticity  of  the  concrete  is  assumed  to  be 
4,000,000  psi  and  Poisson’s  ratio  is  assumed  to  be  0.15.  The  design  curves  are  available  for  light, 
medium,  heavy  and  modified-heavy  load  pavements.  Select  pavement  thickness  is  a  function  of 
the  flexural  strength  of  the  concrete,  modulus  of  subgrade  reaction,  and  type  of  traffic  area.  The 
design  curve  for  short-field  pavements  uses  the  gross  weight  of  the  aircraft  and  number  of  aircraft 
passes  instead  of  the  type  of  traffic  area.  The  design  thickness  is  rounded  to  the  nearest  half  inch. 

When  the  base  or  subgrade  is  stabilized,  or  the  base  is  lean  or  existing  concrete,  the 
pavement  slab  is  designed  as  an  overlay  using  the  equation: 

b„  =  «h11)1'4-((E^Ec)lfl(V)U)1/U  (8) 

where 

hg  -  required  thickness  of  the  plain  concrete  slab  on  a  stabilized  subgrade 

h^j  »  thickness  of  plain  slab  that  would  be  requited  if  the  dab  was  placed  directly 
on  die  subgrade 

El,  *»  modulus  of  elasticity  of  the  base 

Eg  ■*  modulus  of  elasticity  of  the  concrete 

hj,  ■»  thickness  of  stabilized  layer  or  lean  concrete  base 

1. 4.2.2  Reinforced  Concrete  Pavements 

Thickness  design  for  both  continuously  and  jointed  reinforced  concrete  pavements  is  the 
same.  Differem  procedures  art  med  for  designing  the  ameuntef  steel  Design  of  a  reinfotced 
concrete  pavement  requires  first  selecting  the  thickness  for  a  plam  concrete  pavement.  A 
nomograph  is  then  used  for  the  selection  of  the  reduced  thickness  of  the  reinforced  pavement  based 
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on  the  thickness  of  slab  required  for  a  plain  concrete  pavement,  the  area  of  steel  reinforcement,  the 
percent  of  steel  reinforcement  and  the  length  of  the  slab. 

There  is  an  interdependence  between  the  amount  of  steel  required,  the  size  of  the  slab  and 
the  thickness.  Designing  the  pavement  requires  assuming  either  a  percent  steel  or  reduced  slab 
thickness  and  solving  for  the  other  value. 

1. 4.2.3  Fibrous  Concrete  Pavements 

The  design  of  fibrous  concrete  pavements  is  based  on  limiting  the  ratio  of  the  flexural 
strength  and  maximum  tensile  stress  at  the  joint,  with  the  load  either  parallel  or  normal  to  the 
pavement  edge.  The  limiting  criteria  for  the  stress  ratio  is  based  on  field  experiments.  These 
experiments  w ere  performed  with  steel  fibers  which  limit  the  application  of  the  design  method.  In 
addition,  the  design  procedure  limits  the  vertical  deflection  to  prevent  potential  pumping, 
dcnsification  and/or  shear  failures  of  the  subgrade. 

Design  curves  are  presented  for  each  of  the  classes  and  types  of  Army  and  Air  Force 
airfields.  The  Army  design  curves  consider  flexural  strength  of  the  fibrous  concrete;  modulus  of 
subgrade  reaction;  aircraft  gross  weight;  number  of  passes;  and  type  of  traffic  area. 

The  Air  Force  design  curves  consider,  flexural  strength  of  the  fibrous  concrete,  modulus 
of  subgrade  reaction;  and  type  of  traffic  area. 

In  the  Air  Force  procedure,  the  aircraft  weight  and  number  of  4-inch  passes  arc  defined  by 
the  traffic  area,  as  shown  in  Table  1-1. 

1. 4.2.4  Prestressed  Pavement  Design 

The  design  of  presircssed  concrete  pavements  requires  balancing  the  Icvd  of  progressing 
with  the  thickness  of  the  slab  to  obtain  an  economical  design.  The  design  equation  is: 

ds  =  (6KW(w<lip)J-R+r,+il  (9) 


where 

dg  =  design  prestress  required  in  the  concrete 
P  =  aircraft  gear  load 

N  =  k»d  repetition  factor 


IS 


B  =  load  moment  factor 

w  =  ratio  of  multiple  wheel  gear  load  to  single  wheel  gear  load 

hp  =  design  thickness  of  prestressed  concrete 

R  =  design  flexural  strength  of  concrete 

rs  =  foundation  restraint  stress 

tg  =  temperature  warping  stress 

The  design  manual  presents  curves  and  equations  for  quantifying  each  of  the  design  factors 
except  for  the  design  presttess  and  the  thickness  of  the  slab.  The  manual  suggests  the  design 
prestress  should  be  in  the  range  of  100  to  400  psi  and  the  minimum  thickness  of  the  slab  is  6 
inches. 


1.4.3  Navy  Rigid  Pavement  Design 

The  Navy  design  manual  for  rigid  pavements  is  similar  to  the  Portland  Cement  Association 
procedures.  Wcstergaird's  theory  is  used  for  computing  the  maximum  stress  in  tlie  pavement 
The  thickness  is  selected  to  keep  the  computed  stress  less  than  the  working  stress.  The  working 
stress  is  the  flexural  strength  divided  by  a  safety  factor  of  1.4  and  12  for  primary  and  secondary 
traffic  areas  respectively.  Design  charts  arc  presented  for  single,  dual  and  dual-tandcm  gear  types. 
The  manual  endorses  the  use  of  the  PCA  pavement  design  computer  program  when  designing  for 
other  gear  types.  The  design  curves  are  limited  to  modulus  of  subgrade  reactions  of  100  and  500 
pd  and  iruerpoUtwo  is  used  for  other  Rvalues. 

1.4.4  Army-Air  Pore*  Flexible  Pavement  Design  -  Clastic  Layer  Theory 
Method 

The  Corps  of  Engineers  las  developed  a  mechanistic  design  procedure  for  flexible 
pavements.  Tbe  analysis  is  performed  with  either  CHE V5L  or  B1SAR.  As  described  in  Chapter 
4*  two  design  criteria  axe  used  for  the  selection  of  the  pavement  thickness,  fatigue  of  the  asphalt 
surface  or  stabilized  base  layer,  and  subgradc  strain  criteria.  Tie  pavement  designs  arc  performed 
for  tbe  critical  aircraft  at  the  airfield  rnher  than  for  a  mix  of  aircraft. 
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The  design  procedure  considers  three  design  situations: 

1.  granular  base  and  subbase; 

2.  stabilized  base  and  granular  subbasc ;  and 

3.  stabilized  base  and  subbase. 

Several  steps  are  required  for  the  design  process,  as  shown  in  Figures  1-5, 1-6,  and  1-7. 
The  variables  used  in  these  figures  are  defined  as: 

eBC  =  modulus  of  the  base  course 

£at  t  =  allowable  strain,  may  be  for  either  the  subgrade  strain  criteria  or  the 
fatigue  criteria  depending  on  the  step  in  the  flow  chart 

£h  =  horizontal  tensile  strain  at  the  bottom  of  the  surface  layer  or  stabilized  base 
or  subbase 

£y  -  vertical  compressive  strain  at  the  top  of  the  subgrade 

nj  -  expected  number  of  strain  repetitions  of  traffic  for  the  fatigue  or  subgrade 
strain  analysis 

Nj  =  allowable  number  of  strain  repetitions  estimated  from  either  the  fatigue  or 
subgrade  strain  criteria 

As  demonstrated  with  the  design  procedure  flow  charts,  many  steps  are  required  for 
designing  a  flexible  pavement  with  this  procedure.  However,  the  procedure  can  be  summarized  in 
five  steps. 

1.  Determine  material  properties. 

2.  Determine  a  trial  pavement  section. 

3.  Computation  of  the  critical  strains 

4 .  Determine  expected  number  of  app^ed  strain  repetitions. 

5 .  Computation  of  damage  factors  and  the  cumulative  damage. 
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Figure  1-5.  Elastic  Layer  Theory  Design  Method,  Conventional 

Pavements 
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Figure  1-6.  Elastic  Layer  Theory  Design  Method,  Pavements  with 

Stabilized  Bases 
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START  WITH: 

IITUMINOUS  CONCRETE  MODULUS  TOR  EACH  NORTH  USE  COURSE  MODULUS  OETERMIMED  M  FLEXURE  E«f 

SUIGRAOE  MODULUS  FOR  NORMAL  AND  THAW  PERIODS  USE  COURSE  MODULUS  DETERMINED  FROM  EQUIVALENT  CRACKED  SECTION  Etc 

TRAFFIC  PARAMETERS  SUUASE  COURSE  MODULUS  DETERMINED  IN  FLEXURE  Estt 

LIMITING  STRAIN  CRITERIA  SUIUSE  COURSE  MODULUS  DETERMINED  FROM  EQUIVALENT  CRACKED  MOTION  Euc 

ESTIMATED  INITIAL  THICKNESS 


Figure  1-7.  Elastic  Layer  Theory  Design  Method,  Pavements  with 

Stabilized  Subbases 
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Material  characterization  requires  measurement  of  the  modulus  of  elasticity  for  each  layer  in 
the  pavement  In  general,  dynamic  testing  of  the  materials  is  required  with  the  exception  of 
granular  materials  where  the  manual  states  "an  empirical-based  procedure  was  judged  a  better 
approach  for  obtaining  usable  material  parameters."  The  subgrade  modulus  is  determined  with 
respect  to  the  anticipated  deviator  stress  on  the  subgrade.  The  modulus  of  the  asphalt  concrete 
must  be  determined  for  a  variety  of  temperatures.  In  the  design  process,  two  temperatures  are  used 
for  determining  the  asphalt  concrete  modulus  for  each  month.  For  the  fatigue  analysis,  a  modulus 
is  selected  corresponding  to  the  average  daily  maximum  temperature.  For  the  subgrade  strain 
analysis,  the  average  of  the  average  daily  mean  temperature  and  the  average  daily  maximum 
temperature  is  used  to  select  the  asphalt  concrete  modules.  These  air  temperatures  are  corrected  to 
a  design  temperature  of  die  pavement  If  the  temperature  variations  between  months  are  relatively 
small,  months  can  be  grouped  to  reduce  the  calculation  requirements. 

To  determine  trial  pavement  design  for  analysis  the  procedure  in  TM  5-825-2/AFM  88-6, 
Chapter  2  [4]  should  be  used.  The  mechanistic  analysis  procedure  is  then  used  to  check  the  design 
of  a  thicker  and  thinner  pavement  structure  to  determine  the  optimum  pavement  design. 

Strains  in  the  pavement  structure  due  to  the  design  aircraft  wheel  loading  are  computed  with 
an  elastic  layer  theory  program.  These  strains  are  inputcd  to  the  criteria  equations  for  fatigue  and 
subgrade  strain  to  determine  the  allowable  number  of  strain  repetitions. 

The  expected  number  of  passes  on  the  pavement  for  the  design  aircraft  is  then  reduced  to 
the  number  of  strain  repetitions  based  on  the  configuration  of  the  landing  gear,  tire  imprint  area  and 
wander  of  the  aircraft,  and  the  thickness  of  thepavement.  Design  curves  arc  presented  for 
detenrdning  the  percent  of  passes  Of  an  aircraft  that  produce  strain  repetitions  based  on  die  aircraft 
type  and  the  thickness  of  the  pavement  For  aircraft  with  tandem  dies,  the  number  of  strain 
icpetitioas  can  actually  exceed  the  number  of  operations. 

The  final  step  in  the  design  process  is  to  compute  the  cumulative  damage.  Since  only 
critical  aircraft  ate  considered  in  the  design  the  confutation  is  required  to  accoum  for  the  different 
strains  resulting  from  changes  in  temperature. 

As  a  final  note,  it  should  be  emphasized  that  the  design  of  conventional  flexible  pavements 
otdy  considers  the  subgrade  strain  criteria.  Fatigue  criteria  are  not  considered  in  the  design.  Hie 
stated  reason  for  this  limitation  is: 
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Conventional  pavements  consist  of  relatively  thick  aggregate  layers  with  a  thin  (3  to  5  inch) 
wearing  course  of  bituminous  concrete.  In  this  type  of  pavement  the  bituminous  concrete  structure 
is  a  minor  structural  element  of  the  pavement  and  the  temperature  effects  on  the  stiffness  properties 
of  the  bituminous  concrete  may  be  neglected.  Also,  it  must  be  assumed  that  if  the  minimum 
thickness  of  bituminous  concrete  is  used  as  specified  in  TM  5-825-2/AFM  88-6,  Chapter  2,  then 
the  fatigue  cracking  will  not  be  considered.  Thus,  for  a  conventional  pavement,  the  design  problem 
is  one  of  determining  the  thickness  of  pavement  required  to  protect  the  subgrade. 


2.  Pavement  Analysis  Models 


2.1  Elastic  Layer  Theory  -  Static  Loads 

Buimister's  solution  of  the  elastic  two-layer  problem  laid  the  foundation  for  the  extension 
of  the  theory  to  multiple  layers.  The  equations  for  the  twolayer  case  are  relatively  simple  and  can 
be  solved  on  a  pocket  calculator.  However,  the  extension  of  the  theory  to  multiple  layers  greatly 
complicates  the  problem  and  practical  application  of  the  theory  requires  computer  analysis. 
Fortunately,  there  are  several  computer  programs  available  for  performing  this  analysis. 

The  general  concept  of  elastic  layer  theory  (ELT)  is  shown  in  Figure  2-1.  Yoder  and 
Witczak  state  that  the  assumptions  used  for  model  development  are: 

1.  homogeneous  material  properties; 

2.  finite  layer  thickness  except  for  the  bottom  layer  which  is  assumed  to  be  infinite; 

3.  isotropic  material  properties; 

4.  full  friction  between  the  layers; 

5.  no  shear  stresses  at  the  surface;  and 

6.  materials  are  linear-elastic  and  obey  Hooke's  law,  i.e.,  the  constitutive  behavior  of  the 
material  is  defined  by  the  elastic  modulus  and  Poisson's  ratio. 

In  addition,  the  load  is  assumed  to  be  uniformly  distributed  over  a  circular  air*  and  static. 
Some  of  these  assumptions  have  been  relaxed  with  the  development  of  ’•arious  elastic  layer  theory 
computer  codes. 

Strictly  speaking,  elastic  layer  theory  is  not  always  an  accurate  model  of  a  pavement 
structure.  Comparison  of  the  material  characteristics,  pavement  geometry,  and  traffic  loading 
conditions  described  in  Chapter  1  indicates  that  real  pavement  structures  do  not  conform  with  the 
assumptions  specified  for  the  theory  development.  When  the  theory  was  introduced,  engineers 
recognized  the  potential  of  the  model,  if  properly  applied,  to  improve  the  state  of  the  art  in 
payment  design.  Numerous  researchers  investigated  the  effects  of  tlmdifierenc^  between  the 
theory  and  reality  on  the  utility  of  elastic  layer  theory  for  pavement  analysis. 


Figure  2*1. 


Generalized  Multilayer  Elastic  System 
(Yoder  and  Witezak) 
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Avramesco  concluded  from  a  theoretical  study  that  for  elastic  materials,  if  the  speed  of  the 
load  is  a  fraction  of  the  Rayleigh  wave  velocity  of  the  subgrade,  the  distribution  of  stresses  and 
strains  is  equal  to  the  static  case.  Comparison  stresses  and  strains  for  a  static  load  to  values 
corresponding  to  vehicles  with  a  speed  of 270  mph  resulted  in  a  difference  of  less  than  10  percent 
Other  studies  reported  at  the  Second  International  Conference  on  the  Structural  Design  of  Asphalt 
Pavement  show  that  as  the  speed  of  the  load  increases,  strains  and  deflections  decrease  and 
stresses  increase.  This  is  attributed  to  an  increase  in  the  modulus  of  asphalt  concrete  with 
decreasing  load  duration  and  stress  relaxation  with  time.  These  studies  suggest  the  assumption  of 
static  load  can  be  compensated  for  by  characterizing  the  properties  of  the  asphalt  concrete  at  a  load 
duration  equal  to  the  field  conditions. 

Lister  and  Jones  studied  the  effect  of  nonuniform,  noncircular  loads  and  concluded  that  the 
net  effect  of  these  two  assumptions  resulted  in  an  error  of  less  than  two  percent  under  a  whole 
range  of  realistic  tire  and  load  conditions.  Gross  overloading  of  a  tire  results  in  an  error  of  about 
seven  percent  Saraf  et  aL  concluded  elastic  layer  theory  overestimates  the  tensile  strain  at  the 
bottom  of  the  asphalt  layer  compared  to  a  finite  element  analysis. 

The  principle  of  superposition  is  commonly  used  for  the  analysis  of  structures.  Ahlvin  et 
al.  presented  experimental  data  supporting  the  use  of  this  theory  for  pavement  analysis. 

McCullough  and  Brown  and  Pell  concluded  the  assumption  of  continuity  across  the 
interface  of  the  layers  is  valid  for  pavement  analysis. 

The  assumption  of  infinite  horizontal  dimensions  of  the  layers  is  a  major  drawback  to  the 
use  of  the  model  for  pavement  structures.  Edges,  joints  and  cracks  in  pavements  increase  the 
stresses  generated  by  wheel  loads.  Since  the  interior  loading  condition  is  a  more  realistic 
assumption  for  flexible  pavements  than  for  (terete  pavements,  ELT  has  been  more  widely  applied 
to  flexible  pavements. 

Several  investigators  have  demonstrated  that  the  stresses  and  strains  in  a  pavement  are 
sensitive  to  the  thickness  of  the  subgrade.  While  determining  the  thickness  of  the  subgrade  is  a 
concern,  it  is  not  a  limitation  of  the  model  as  a  rigid  layer  can  be  simulated  by  tiring  high  modulus 
values  to  simulate  the  presence  of  a  bed  rock  layer. 


The  mateCal  assumptions  used  in  ELT  are  vastly  different  from  the  behavior  of  the  material 
characteristics,  especially  for  asphalt  pavement  Therefore,  there  has  been  considerable  research 
into  the  effects  of  these  assunqxions  on  the  reliability  of  the  ELT  analysis.  Engineers  that  employ 
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ELT  for  pavement  analysis  rely  on  measuring  the  material  properties  under  simulated  field 
conditions.  Different  test  procedures  will  produce  different  measures  of  the  material  properties. 
This  will  result  in  different  primary  responses  estimated  by  ELT  and,  therefore,  when  the  primary 
responses  are  used  in  the  limiting  response  functions,  the  prediction  of  distress  may  be  in  error  due 
to  the  formulation  of  the  analysis  problem. 

There  are  several  computer  codes  for  the  solution  of  elastic  layer  theory  equations.  Three 
widely  used  programs  in  the  United  States  are: 

1.  CHEV5L  or  LAYER  developed  by  California  Research 

Company,  a  division  of  Chevron  Oil; 

2.  BISAR  developed  by  Shell  Oil  Co.40,  and 

3.  ELSYM5  developed  by  Ahlbom  at  the  University  of  California. 

The  CHEVRON  program  is  capable  of  analyzing  five  layers  and  a  single  load.  Input  and 
output  are  in  the  radial  coordinate  system  which  complicates  the  interpretation  of  the  data.  The 
ELSYM5  program  uses  the  same  basic  algorithm  as  CHEV5L  for  the  solution  of  layer  theory 
equations.  However,  an  input  and  output  processor  are  used  to  allow  the  use  of  rectangular 
coordinates.  In  addition  to  being  more  convenient  to  the  user,  the  rectangular  coordinate  system 
permits  the  use  of  superposition  to  permit  the  analysis  of  multiple  loads.  ELSYM5  can  analyze  up 
to  ten  identical  loads.  As  with  CHEV5,  ELSYM5  can  analyze  up  to  five  layers.  In  addition, 
ELSYM5  permits  the  definition  of  a  rigid  layer  under  the  five  conventional  layers.  The  interface  at 
the  rigid  layer  can  be  fuli  friction  or  full  slip. 

The  accuracy  of  these  programs  has  been  rested  by  several  researchers  with  the  conclusion 
that  the  programs  faithfully  perform  the  required  calculations  in  most  cases.  However,  there  are 
some  problems  near  the  pavement  surface  directly  under  the  load.  With  respect  to  ELSYM5 
Ahlbom  states  that  the  program  uses  a  truncated  series  for  the  integration  process  that  leads  to 
some  approximations  for  the  results  it  and  near  the  surface  and  at  some  points  out  at  some  distance 
from  the  load. 

The  OIEV5L  and  ELSYM5  programs  are  widely  available  and  are  in  the  public  domain. 
The  Federal  Highway  Administration  sponsored  the  modification  of  tire  program  to  operate  on  a 
□ucroc^mputer  with  a  full-screen  editor  for  inputting  the  data.  This  program  is  available  from  the 
McTRANS  Center  at  the  University  of  Florida. 


BISAR  is  the  most  powerful  of  the  ELT  programs.  It  can  handle  up  to  10  layers  and  10 
different  loads.  Burmister’s  theory  has  been  modified  in  this  program  to  permit  the  analysis  of 
shear  loads  at  the  pavement  surface  and  varying  interface  continuity  between  die  pavement  layers 
ranging  from  full  continuity  to  full  slip.  The  mathematical  techniques  used  in  the  BISAR  programs 
are  reported  to  be  more  sophisticated  than  the  CHEV5L  program.  Shahin,  Krichner,  and  Blackmon 
demonstrated  the  application  of  the  capability  of  the  BISAR  program  for  the  analysis  of  slip 
between  an  overlay  and  the  original  pavement  surface.  Parker  et  al  selected  the  BISAR  program 
for  use  in  a  pavement  design  procedure  developed  by  the  Corps  of  Engineers.  Reasons  for  this 
selection  included  the  mathematical  sophistication  of  the  solution  process  and  the  ability  to  analyze 
varying  interface  conditions. 

The  capabilities  of  the  CHEV5L  program  have  been  expanded  by  several  researchers. 
Shahin  developed  an  iteration  method  for  introducing  stress  sensitivity  into  the  elastic  layer  theory 
analysis.  Other  modifications  permit  the  analysis  of  up  to  15  layers. 

The  Kausel  and  Peek  program  computes  displacements.  This  program  was  modified  by 
Sebaaly  to  include  the  calculation  of  stresses  and  strains. 


2.2  Thin  Plate  Theory 

As  opposed  to  flexible  pavements  which  distribute  the  load  gradually  through  the  pavement 
structure,  rigid  pavement  slabs  act  as  a  structural  element  (a  plate)  resting  on  ait  elastic  foundation. 
Since  the  deflection  of  rigid  pavements  is  small  relative  to  their  thickness,  they  can  be  analyzed  as 
thin  plates.  The  following  approximations  are  required  for  the  development  of  thin  plate  models: 

1.  There  is  no  defonnadon  in  the  middle  plaireofthe  slab;  this  plaito  remains  neutraL 

%.  The  planes  in  tire  slab  initially  normal  to  the  middle  plane  nf  the  slab  remain  normal  after 
bending. 

3.  The  noxmal  stresses  in  the  direction  transverse  to die  plane  of  the  slab  canbeigpored. 

Sargious  reports  that  die  differential  equation  describing  the  deflected  surface  of  a  slab 
subjected  to  a  uniform  load  was  developed  by  LaGnnge  in  1S1 1.  This  report  identifies 
Wcstcrgaard  as  the  first  to  develop  a  theoretical  solution  for  rigid  pavement  design.  Sixgious 
identifies  the  assumptions  used  in  the  development  of  the  Wcaergttrd  equations  as: 

1.  Hie  concrete  slab  acts  as  a  homogeneous  elastic  solid  in  equilibrium. 


2.  The  reaction  of  the  subgrade  is  solely  vertical,  and  proportional  to  the  deflection  of  the 
slab. 

3.  The  reaction  of  the  subgrade  per  unit  area  at  any  given  point  is  equal  to  a  constant,  X 
(modulus  of  subgrade  reaction),  multiplied  by  the  deflection  at  that  point 

4.  The  thickness  of  the  slab  is  uniform. 

5.  The  load  at  the  interior  and  at  the  comer  of  the  slab  is  distributed  uniformly  over  a 
circular  contact  area;  for  the  comer  loading  the  circumference  of  this  circular  area  is 
tangential  to  the  edge  of  the  slab. 

6.  The  load  at  the  interim'  edge  of  the  slab  is  distributed  uniformly  over  a  semicircular 
contact  area,  the  diameter  of  the  semicircle  being  along  the  edge  of  the  slab. 

Although  not  commonly  stated,  it  should  be  noted  that  Westergaard  also  assumed  a  static 
load  condition.  Based  on  these  assumptions,  Westergaard  developed  equations  for  computing  the 
stresses  in  the  slab  for  the  following  cases: 

1.  Maximum  tensile  stress  at  the  bottom  of  the  slab  due  to  central  loading. 

2.  Maximum  tensile  stress  at  the  bottom  of  thc  slab  for  an  interior  edge  loading  in  a 
direction  parallel  to  the  edge. 

3.  Maximum  tensile  stress  at  the  top  of  the  slab  in  a  direction  parallel  to  the  bisector  of  the 
comer  angle  for  comer  loading. 

Subsequently,  Westergaard  modified  the  equations  specifically  for  the  analysis  of  airport 
pavements  assuming  elliptical  load  areas  and  load  transfer  across  the  joint  a.  edge  of  the  pavement 
In  1951,  Pickett  presented  equations  for  "protected"  and  "unprotected"  comers.  The  Westergaard 
equations  am  widely  used  forthedesign  of  concrete  pavements.  Pickett  awl  Ray  developed 
influence  charts  far  the  solution  of  these  equations and  Patdurditkwpcmiittithemiiuoa 
generalized  program  for  the  sign  of  poitland  cement  concrete  pavements. 


3.  Distress  Models 


The  mechanistic  models  described  in  the  preceding  chapter  compute  the  response  cf  the 
pavement  to  traffic  and  environmental  loads.  Relationships  are  now  needed  for  using  these 
responses  to  estimate  the  life  of  the  pavement  Since  pavements  are  designed  for  multiple 
applications  of  repeated  loads,  the  distress  models  should  capture  the  accumulated  damage  to  the 
pavement  materials.  However,  damage  is  a  vague  term.  Pavements  display  many  types  of  distress 
and,  in  general,  damage  functions  must  be  developed  for  the  prediction  of  specific  distress  types. 
In  the  related  literature,  there  is  a  preponderance  of  information  on  two  primary  disness  types: 

1.  fracture  of  the  pavement  surface  due  to  repeated  axle  load  applications,  fatigue;  and 

2.  distortion  of  the  surface  to  repeated  accumulation  of  plastic  or  viscous  strains  in  the 
wheel  path  (rutting). 

Several  other  distress  types  have  also  been  examined  in  the  literature  including  reflection 
cracking  of  asphalt  overlays  of  jointed  pavements  and  stripping  of  asphalt  concrete. 


3.1  Fatigue 

Fatigue  is  generally  considered  to  be  the  fracture  of  the  pavement  surface  due  to  the 
repeated  application  of  traffic  loads.  Both  asphalt  and  concrete  pavements  arc  subject  to  fatigue 
failure.  Two  basic  approaches  have  bees  taken  to  the  modeling  (rffiwigue  behavior: 
phenomenological  and  power  law.  In  the  phenomenological  approach,  the  number  of  applications 
a  pavement  can  cany  prior to  failure  is  estimated  directly  as  a  funder,  of  the  stress  or  soaio  levels 
generated  by  the  traffic  loadings.  The  jawerkw  approach  uses  concepts  developed  in  fracture 


The  phenomenological  approach  has  been  widely  applied  in  the  analysis  of  pavement 
fatigue  fife.  Although  both  asphalt  and  concrete  pavements  will  fail  in  fatigue,  the  behavior  of 
these  materials  with  respect  to  repeated  loads  is  very  different  in  that  concrete  appears  to  have  a 
“fatigue  limit"  k  is  generally  assumed  that  concrete  will  not  fail  in  fatigue  if  the  stresses  in  the  slab 
are  kept  fcdow  50  percent  of  the  modulus  of  rupture,  as  measured  with  the  flexutaliest 

Conversely,  asphalt  concrete  does  not  appear  to  have  a  fatigue  limit  In  other  words. 


3.1.1  Phenomenological  Model 

In  the  phenomenological  approach,  the  fatigue  life  of  the  asphalt  is  generally  related  to  the 
strain  in  the  pavement  as: 

N  =  a(l/e)b  (10) 

where 

N  »  the  number  of  applications  to  failure 

a,b  =  fatigue-life  coefficients 

£  »  strain  in  the  asphalt  concrete 

Some  authors  have  modified  this  equation  to  include  the  stiffness  of  the  asphalt  and  others 
substitute  stress  for  the  strain  term.  Laboratory  tests  have  demonstrated  that  a  and  b  coefficients  arc 
sensitive  to  mix  design  parameters,  such  as  asphalt  content,  air  voids,  aggregate  gradation,  eta, 
and  to  the  mode  of  testing.  Attempts  to  compare  the  results  of  laboratory  testing  with  field 
performance  have  demonstrated  poor  cotrelation.  Generally,  pavements  last  longer  than  laboratory 
fatigue  testing  and  analysis  pndfct  The  difference  between  field  perfonnance  and  laboratory 
estimates  am  expressed  in  terms  of  a  shift  factor.  This  shift  factor  is  frequently  in  the  nmge  of  20 
to  25,  but  factors  as  large  as  1000  have  been  reported. 

In  addition  to  the  problem  of  the  oxielatien  of  laboratory  and  field  tesdi^  the  variability  of 
fatigue  testing  should  be  considered  in  the  development  of  a  design  procedure  based  on  the 
phciwmtnological  approach,  Navarro  and  Kennedy  reported  the  coefficient  of  variation  of 
laboratory  fatigue  testing  ranges  from  53  to  73  percent 

There  are  many  examples  of  the  use  of  the  phenomenological  approach  for  the  predictionof 
the  fatigue  life  of  highway  pavements.  However,  there  are  relatively  few  examples  of  the  use  of 
this  approach  for  the  design  and  analysis  of  airport  pavements.  Kedy  and  Thompson  used  the 
1LLBPAVE  program  and  a  fatigue  equation  for  the  analysis  of  airfield  pavements  for  FI  5  aircraft 
Strain  at  the  bocom  of  the  asphaltcoc&ete  surface  was  computed  with  ILUPAVE  and  the  fatigue 
life  was  computed  with  the  equation: 

N  *  2590/E)116  (1/E)M  <n> 
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where 


N  --  number  of  estimated  applications  of  strain 
e  =  strain  at  die  bottom  of  the  asphalt  concrete  layer 
E  =  modulus  of  the  asphalt  concrete. 

This  equation  was  developed  through  an  ILLIPAVE  analysis  of  the  AASHTO  Road  Test 

The  Waterways  Experiment  Station  has  developed  an  elastic  layer  theory  method  for  the 
design  of  flexible  pavements  that  uses  the  phenomenological  approach  for  estimating  the  fatigue 
life  of  airfield  pavements.  This  design  procedure  uses  the  equation: 

N  =  479(l/£)5(l/£)2*665  (12) 

This  equation  was  developed  from  an  analysis  of  experimental  pavement  sections  designed 
and  tested  to  simulate  airfield  pavements. 

While  the  WES  and  the  KeUy-Thompson  equations  have  the  same  form,  *he  coefficients  are 
considerably  different.  For  a  strain  of  0.0005  inrin  and  a  modulus  of  500,000  psi,  the  WES 
equation  estimates  approximately  10,000  repetitions  can  be  applied  to  the  pavement  while  the 
Kelly-Thomas  equation  estimates  in  excess  of  73,000  applications.  This  demonstrates  the  problem 
with  the  phenomenological  approach  to  fatigue  analysis.  Prediction  models  developed  by  different 
researchers  appear  to  be  more  a  function  of  the  analysis  procedure  used  in  the  development  than 
determined  from  the  basic  properties  of  the  materials. 


3.2  Deformations 

Plastic  and  viscous  deformations  of  the  pavement  materials  result  in  permanent 
deformations  of  the  surface.  Channelized  traffic  generates  a a  accumulation  of  deformations  h  the 
wheel  paths  of  the  vehicle  or  rutting.  Three  approaches  have  been  defined  for  relating  the  primjry 
response  of  pavements  to  rutting: 

1.  limiting  the  magnitude  of  the  maximum  vertical  strain  in  the  subgrade; 

2 .  relating  permanent  strains  to  stresses  or  strains  computed  with  elastic  theories;  and 

3.  direct  estimates  cf  permanent  strains  with  viscoelastic  models. 
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The  limiting  strain  approach  was  first  presented  by  Dorman  in  1962  and  Klomp  and 
Dorman  in  1964.  It  is  currently  used  in  the  Asphalt  Institute  airfield  pavement  design  method  and 
the  Joint  Department  of  Army  and  Air  Force  elastic  layer  theory  method  for  the  design  of  flexible 
pavements.  The  basic  hypothesis  of  this  approach  is  that  if  the  maximum  compressive  strain  at  the 
surface  of  the  subgrade  is  less  than  a  critical  value,  then  excessive  rutting  will  not  occur  for  a 
specified  number  of  repetitions.  These  relationships  were  developed  based  on  analysis  of  the 
Corps  of  Engineers  pavement  design  procedures. 

The  Army  and  Air  Force  elastic  layer  theory  procedure  for  the  design  of  flexible  pavements 
uses  limiting  subgrade  criteria  for  estimating  the  number  of  applications  a  pavement  can  withstand 
before  excessive  permanent  deformation  occurs.  The  criteria  are  specified  by  the  equation: 

N  =  10,000(A/Ss)b  (13) 

where 

N  =  number  of  applications  the  pavement  can  sustain  at  a  given  strain  level 
Ss  =  vertical  compressive  strain  at  the  top  of  the  subgrade 

A  »  0,000274 +  0.0002451ogMR 

Mr  =  Modulus  of  the  subgrade 

B  a  O^SCMr)0*559 

All  pavement  designs  are  based  on  a  20-year  design  life  and  the  traffic  volume  is  expressed 
in  terms  of  the  annual  number  of  departures.  All  departures  are  assumed  to  be  at  95  percent  of  the 
maximum  aircraft  weight  The  design  curves  are  based  on  the  number  of  coverages  of  aircraft 
based  on  the  statistical  distribution  of  aircraft  wander  across  the  pavement  rather  than  the  actual 
number  of  departures.  This  modification  to  the  number  of  applications  is  transparent  to  the 
designer  and  is  documented  in  an  Appendix. 

The  traffic  analysis  procedure  is  common  to  the  design  of  both  flexible  and  rigid 
pavements.  All  classes  of  aircraft  that  will  use  die  facility  are  reduced  to  the  number  of  equivalent 
annual  departures  of  a  design  aircraft  The  design  aircraft  is  defined  as  the  aircraft  that  would 
require  the  greatest  pavement  thickness  if  it  were  the  only  aircraft  using  the  facility.  Since  the 
pavement  design  charts  consider  both  the  number  of  aj^licadons  and  the  aircraft  weight,  the  design 
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aircraft  will  not  necessarily  be  the  heaviest  aircraft  In  essence,  determining  the  equivalent  annual 
applications  requires: 

1 .  Converting  all  aircraft  types  to  the  gear  type  of  the  design  aircraft  by  multiplying  the 
number  of  annual  applications  for  each  aircraft  type  by  equivalency  factors. 

2.  Converting  the  number  of  adjusted  annual  applications  to  the  equivalent  number  of 
design  aircraft  applications  by  using  the  equation: 

loglRj)  =  (wj/wjj^logCRj)  (14) 

where 

Rj  =  equivalent  number  of  annual  departures  for  the  design  aircraft 
R2  =  annual  departures  expressed  in  design  aircraft  landing  gear 
Wj  =  wheel  load  of  design  aircraft 

w2  =  wheel  load  of  the  aircraft  being  analyzed  (the  wheel  load  for  wide-bodied 
aircraft  is  computed  on  the  basis  of  300,000  lbs  maximum  aircraft  weight 
rather  than  the  actual  gross  maximum  weight) 

3.  The  number  of  equivalent  departures  is  summed  to  determine  the  total  number  of 
departures  for  use  in  design. 
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List  of  Symbols 


a,  o,  n,  A,  k  =  constants 

Cj,  C2  =  relative  stiffness  coefficients 

CVS  *=  design  prestress  in  concrete 

DMR  =  design  modulus  of  rupture 

Dj  =  creep  compliance  function 

E  =  modulus  of  the  asphalt  concrete 
Er  =  resilient  modulus 

E*  =  complex  modulus 

f  =  average  subgrade  coefficient 

f  'e  =  ultimate  strength  of  concrete 

G(t)  =  relaxation  function  for  a  constant  strain  test 
Gj  «  coeffid  r*t  of  the  Dirichlet  series 
hj  a  thickness  of  the  1th  layer 

J(t)  a  creep  function  under  constant  stress 
Jv(t)  =  volumetric  creep  function 

k  =  stress  intensity  factor 
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L  =  length 


Mj  =  mass  of  i 

MR  =  modulus  of  rupture 

MR^  =  SO  day  average  modulus  of  rupturer 

N  =  load  repitition  factor,  number  of  applications  to  failure 
Ne  =s  number  of  equivalent  departures  of  design  aircraft 

P  =  vertical  point  load  or  aircraft  gear  load 
v  =  (as  subscript)  radial  direction 

r$  =  foundation  restraint  stress 

R  =  design  flexural  strength  of  concrete 

Rj  =  equivalent  number  of  annual  departures  for  the  design  aircraft 

Rj  -  annual  departures  expressed  in  design  aircraft  landing  gear 

S  »  stiffness  of  cohesionless  soils 

S^xWO  as  volumetric  creep  function 

Ss  t=  vertical  compressive  strain  at  the  top  of  subgradc 

SBcbr  a  subbase  vertical  compressive  strain  at  the  top  of  subgradc 

S&CBR  **  sub^^ade  California  Bearing  Ratio  (CBR) 

t  =  time,  (as  subscript)  time,  tangential  or  transverse 
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Tp>  tb*  ts»  tsb  =  thickness  of,  respectively,  pavement,  base,  surface,  and  subbase.  Total 
pavement  thickness  Tp_Ts  +  TB  + TSB 

Pi  =  ith  component  of  the  displacement  vector  in  Cartesian  coordinates 

w  =  ratio  of  multiple  wheel  gear  load  to  single  wheel  gear  load 

Wj  =  wheel  load  of  the  i*  wheel 

W,  WD  =  weight,  weight  of  design  aircraft 

a  =  coefficient  of  thermal  expansion 

§j  =  exponent  of  the  Dirichlet  series 

£  =  strain 

^  =  longitudinal  strain 

£0  ®  initial  and  constant  strains 

E(t)  »  strain  as  a  function  of  time 

£  a  Lames  constant 

(X  »  Poisson's  ratio,  Lames  constant 

§  ~  phase  difference  between  stress  and  strain 

p  «  mass  density 

<J  «  stress 

<TC  -  "frictional"  stress 
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G0  =  hydrostatic  stress 

G3  =  transverse  principal  stress 

X  =  shear  stress 

CO  =  angular  frequency 

CBR  =  California  Bearing  Ratio 

tBM  =  thickness  of  base 

Tsbb  =  thickness  of  stabilized  base 

V  =  coefficient  of  variation  of  modulus  of  rupture,  percent 

M  =  factor  for  the  average  modulus  of  rupture  during  design  life 

Ej,  =  modulus  of  elasticity  of  the  base 

Eg  a  modulus  of  elasticity  of  the  concrete 

h0  =  required  thickness  of  the  plain  concrete  slab  on  a  stabilized  subgrade 

hj  »  thickness  of  plain  slab  that  would  be  required  if  the  slab  was  placed  directly  on  the 
subgrade 

hb  ts  thickness  of  stabilized  layer  or  lean  concrete  base 
dj  a  design  prestress  required  in  the  concrete 

B  =  load  moment  factor 

hp  »  design  thickness  of  prestressed  concrete 
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tg  =  temperature  warping  stress 


ebc  =  modulus  of  the  base  course 

eAT  T,  =  allowable  strain 

€fj  =  horizontal  tensile  strain 

£y  s  vertical  compressive  strain 

nj  8  expected  number  of  strain  repetitions  of  traffic 

Nj  =  allowable  number  of  strain  repetitions 

a,b  8  fatigue-life  coefficients 
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Disclaimer 

The  contents  of  this  paper  reflect  the  views  of  the  authors  who  are  responsible  for  the  facts 
and  the  accuracy  of  the  data  presented  herein.  Statements  made  do  not  necessarily  reflect  the 
official  views  or  policies  of  the  U.S.  Air  Force.  This  paper  does  not  constitute  a  standard, 
specification,  or  regulation. 


1.  Introduction 


A  multi-component  project,  sponsored  by  the  U.S.  Air  Force  Office  of  Scientific  Research 
(AFOSR),  has  recently  examined  current  computerized  analysis  techniques  for  slabs-on-grade 
[1;  2].  The  final  stage  of  those  investigations  involved  the  use  of  an  existing  three-dimensional 
finite  element  model,  which  was  adapted  to  provide  a  more  realistic  representation  of  a  pavement 
system  [3;  2],  One  of  die  conclusions  of  that  study  was  that  a  three-dimensional  finite  element 
program  will  be  "indispensible  in  future  efforts  to  establish  the  elusive  'unified'  approach  (to 
pavement  design)  and  to  develop  a  generalized  mechanistic  design  procedure."  The  Federal 
Aviation  Administration  (FAA)  initiative  for  the  development  of  a  "Unified  Pavement  Theory"  has 
provided  new  impetus  for  considering  the  three-dimensional  finite  element  approach  and  has 
renewed  interest  in  studies  for  the  development  of  user  guidelines  for  this  sophisticated  technique. 


This  paper  reports  in  detail  the  results  of  more  than  100  three-dimensional  finite  element 
runs  conducted  to  develop  such  user  guidelines  during  the  aforementioned  AFOSR  study. 

Research  reported  of  the  slab-on -grade  problem.  Findings  presented  provide  an  ftwnrfri  guide  for 
the  effective  utilization  of  die  three-dimensional  finite  dement  approach,  and  are  described  herein  to 
facilitate  development  efforts  under  the  FAA  initiative,  and  perhaps  eliminate  the  need  for 
conducting  such  preliminary  and  time-consuming  studies  again. 


2.  Three-Dimensional  Finite  Element  Computer 

Program  Choice 

The  following  features  were  considered  necessary  in  selecting  a  three-dimensional  finite 
element  model  for  the  analysis  of  a  slab  on  an  elastic  solid  foundation: 

a.  Base  of  data  preparation  and  application; 

b.  Output  that  is  meaningul  and  easy  to  interpret; 

c.  Flexibility  in  modeling  a  variety  of  pavement  systems  and  loading  conditions; 

d.  Subgrade  stress  dependence;  and 

e.  Effective  machine  implementation  with  respect  to  msmoiy  sigage anddmaiiciiof 
execution. 

Two  programs  with  three-dimensional  analysis  capabilities  are  currently  available  at  the 
University  of  Illinois:  FINITE  (5J  and  GEOSYS  [4J.  Both  are  multipurpose  programs,  Le.,  they 
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include  libraries  of  one-,  two-  and  three-dimensional  elements.  FINITE  is  primarily  designed  as  a 
tool  for  die  structural  engineer,  while  GEOSYS  is  geared  more  toward  geotechnical  problems. 
Unfortunately,  due  to  their  general  nature,  neither  program  is  practical  for  routine  analysis  of 
pavement  systems.  The  major  problems  are: 

a.  A  tremendous  quantity  of  input  data  is  required,  even  for  the  simplest  slab-on-grade 
three-dimensional  analysis;  and 

b.  Execution  times  are  prolonged.  This  translates  to  prohibitive  costs  when  the  programs 
are  implemented  on  a  mainframe  system. 

For  the  purpose  of  this  study,  the  GEOSYS  finite  element  program  was  selected,  primarily 
because  its  shorter  code  was  freely  accessible.  This  allowed  its  installation  on  a  MARRIS  800-2 
computer,  on  which  a  total  of  48  Mbytes  of  virtual  memory  are  available.  Furthermore,  the 
GEOSYS  source  code  was  modified  to  suit  the  needs  of  the  present  investigation.  Thus,  both  of 
'  the  deficiencies  mentioned  above  could  be  addressed  in  a  satisfactory  manner. 


3.  GEOSYS 

GEOSYS  was  developed  in  the  early  1970s  by  a  group  of  engineers,  members  of  die 
technical  staff  of  Agbabian  Associates,  El  Segundo,  California  [4].  This  program  applies  to 
general  two-  and  ttat*-dimensional  problems  and  can  accommodate  time-dependent  loading, 
gravity  loading,  and  staged  excavation  or  construction,  using  a  wide  variety  of  material 
characteristics.  Multibuffering  techniques  allow  accessing  peripteral  storage  units,  thereby 
reducing  computer  runtime  for  large,  out-of-core  problems.  The  element  library  contains  several 
element  types,  including  beam,  rod,  plane  quad,  bride  and  shell  elements. 

For  the  purpose  of  this  study,  the  linear,  isoparametric,  tiue&dinrensional  hexahedrai  brick 
element  was  retained;  This  has  eight  nodes  with  three  dcgrecs-of-frtedom  per  node  (the 
displacements  in  each  of  the  x,y  and  i  directions).  The  assumed  displacen^tapproximatiocis  for 
this  element  are  shown  in  Figure  1.  Tire  first  eight  are  the  standard  compatible  interpolation 
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functions.  The  other  three  are  incompatible  and  are  associated  with  linear  shear  and  normal  strains. 
The  nine  incompatible  modes  are  eliminated  at  the  element  stiffness  level  by  static  condensation. 

A  typical  input  file  for  GEOSYS  consists  of  several  hundred  lines,  each  formatted 
-cording  to  a  strict  pattern.  Since  data  for  different  slab-on-grade  analysis  runs  are  generally 
similar  in  structure,  a  preprocessor  called  GF.ZIN  (QEOSYS  Easy  INput)  was  coded  early  in  this 
study.  This  automatically  prepares  the  data  in  the  required  format  Input  for  GF.ZIN  includes 
fewer  than  10  data  cards,  the  format  of  which  is  similar  to  the  one  used  fra-  ILLI-SLAB  [1].  The 
latter  is  a  two-dimensional  finite  element  rigid  pavement  analysis  program,  extensively  used  at  the 
University  of  Illinois  and  elsewhere.  Thus,  data  preparation  is  reduced  to  an  almost  trivial  task  and 
the  probability  of  errors  during  this  stage  is  practically  eliminated. 

Several  post-processing  programs  were  also  coded  during  this  investigation,  to  assist 
interpretation  of  computer  results.  These  post-processors  are  used  in  conjunction  with  an  iterative 
scheme  introduced  to  account  for  the  stress-dependent  behavior  of  typical  fine  grained  soils  [2;  3]. 


4.  Scope  of  Studies 

The  problem  of  a  slab-on-grade  may  be  investigated  in  three  dimensions  using  a  finite 
element  mesh  similar  to  the  one  shown  in  Figure  2.  The  slab  rests  on  a  cube  of  soil,  carved  out  of 
the  Boussinesq  half-space  and  maintained  intact  by  the  assumption  of  boundary  conditions  on  the 
four  vertical  sides  and  on  the  base.  The  implication  is  that  if  arbitrarily  introduced  boundaries  are 
far  enough  from  the  critical  locations  of  response,  they  will  have  no  effect  on  the  behavior  of  the 
system.  It  is,  therefore,  necessary  to  determine  the  required  lateral  and  vertical  extents  of  the 
subgrade,  dictated  by  each  of  the  available  boundary  condition  choices. 


The  effect  of  mesh  fineness  must  also  be  considered,  as  is  the  selection  of  a  method  for 
extrapolating  finite  element  stress  results.  Investigations  for  both  interior  and  edge  loading 
conditions  have  been  conducted  [2].  Only  the  former  are  discussed  in  this  paper,  however,  since 
they  have  been  found  to  be  adequately  representative. 
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5.  Selection  of  Stress  Extrapolation  Method 

For  the  linear  solid  (brick)  element  (see  Figure  1),  displacements  are  calculated  at  each  of 
the  eight  nodal  points,  but  stresses  (and  strains)  are  determined  only  at  the  centroid  of  the  element 
(£  -  T]  =  £  =  0).  This  location  can  be  shown  to  be  the  optimal  stress  point  for  the  brick  element  at 
which  "stresses  may  be  almost  as  accurate  as  nodal  displacements"  [6].  It  is,  therefore,  often 
necessary  to  extrapolate  from  calculated  values  to  obtain  the  required  stresses  at  the  critical 
locations. 

Consider,  for  example,  the  case  of  a  slab  loaded  by  a  point  load  at  its  interior.  This 
problem  will  be  the  test-case  for  most  of  the  analyses  in  this  paper.  Taking  advantage  of 
symmetry,  only  one-quarter  of  the  slab  needs  to  be  modeled.  Thus,  although  the  point  load  is 
applied  at  the  central  node,  the  closest  estimate  of  the  maximum  bending  stress  (developing  under 
this  node)  will  be  that  for  the  centroid  of  the  element  on  which  the  load  is  applied.  Extrapolation  is 

needed  to  obtain  the  stress  under  the  load.  Table  1  shows  a  comparison  between  values  of  the 
maximum  interior  bending  stress  under  the  load  Oj,  determined  by  three  different  extrapolation 

schemes  using  results  from  five  GEOSYS  runs.  Figure  3  is  a  schematic  illustration  of  the  three 
methods  compared  in  Table  1.  The  mesh  for  one  of  the  runs  performed  (Run  5)  is  shown  in 
Figure  2. 

Theoretically,  Oj  tends  to  infinity  as  the  size  of  the  applied  loaded  area  tends  to  zero  (7). 

Application  of  the  closed-form  equation,  however,  indicates  that  even  for  a  very  small,  but  finite* 
loaded  area  the  increase  in  0j  is  much  less  drastic.  Nonetheless,  it  can  be  concluded  that  the 

orthogonal  linear  ^xtrapol&rion  method  gives  best  results  for  this  example.  This  procedure  involves 
more  computations,  but  takes  into  account  a  larger  number  of  computer  results. 

Unless  otherwise  indicated,  orthogonal  linear  extrapolation  will  be  used  in  analyzing 
bending  stress  results  in  the  remainder  of  this  paper.  This  method  may  also  be  used  with  subgradc 
stress  data.  When  the  stress  state  is  known  to  be  axisynunetric,  however,  diagonal  linear  or 
quadratic  extrapolations  are  more  appropriate.  An  example  is  the  subgrade  stress  due  to  an  interior 
load.  In  such  cases,  diagonal  linear  extrapolation  is  used  below. 
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Table  1.  Comparison  of  Three  Extrapolation  Methods 


Run 

Slab 

Mash 

Max.  Banding  Stress,  c(  (pal) 

Diagonal 

Orthogonal 

Quadratic 

2 

2x2 

17.17 

13.83 

- 

3 

3x3 

24.79 

19.45 

22.82 

4 

4x4 

29.99 

23.85 

27.42 

S 

5x5 

33.80 

.27.23 

30.77 

6 

6x6 

36.96 

29  94 

33.43 

Notes: 

Slab  :  15  ft  x  15  ft  x  1  ft 

Soil  :  30ftx30ftx30ft 
E  «  4x106  psi;  |i  «  0.15 

Es  m  1x104  psi;  ps  »  0.45 

k  «  45.5  in. 

Load,  P  »  3600  lbs  (interior,  point  load) 


Orthogonal,  Diagonal: 

y  *»  yo+Cyo^y-i)^ 


Quadratic: 

y  «  y0+  (y-2*4y*i+3yo )*& 
+  (y-2“2>'-i+yo)  *2/2f2 


Mesh  :  Sec  Figure  2  (Run  5) 
Equations  Used: 
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Point  of  Maximum  Stress 


0  Calculated  Stress  Location 

□  Extrapolated  Stress  Location 

- Orthogonal  Linear  Extrapolation 

. Diagonal  Linear  Extrapolation 

- Diagonal  Quadratic  Extrapolation 


Figure  3.  Schematic  Illustration  of  Extrapolation  Methods  Considered 


6.  Vertical  Subgrade  Extent 

Two  series  of  runs  were  performed  to  provide  some  guidelines  for  determining  the  depth  to 
which  the  subgrade  should  be  modeled,  so  that  bottom  effects  are  eliminated  and  computer  . storage 

required  remains  within  the  available  limits.  Series  A  comprised  seven  runs,  results  from  which 
are  tabulated  in  Table  2.  It  is  observed  that  both  maximum  bending  and  subgrade  stresses  (Oj  and 
qj)  converge  to  a  constant  value  fairly  quickly.  Increasing  the  subgrade  depth,  Z,  beyond  20  to  25 
ft  (or  5  to  7  times  the  radius  of  relative  stiffness,  fig)  will  have  no  effect  on  these  stresses. 

The  behavior  of  deflection,  however,  requires  more  attention.  Maximum  deflection,  8j, 

increases  with  subgrade  depth  as  expected,  but  does  not  converge  to  a  constant  value,  even  for  a 
depth  of  35  ft  (9  fie).  An  additional  0.044  mils  of  deflection  is  accumulated  for  every  additional  5  ft 

of  subgrade  beyond  20  ft  This  is  due  to  the  presence  of  lateral  boundaries  at  a  finite  distance,  X, 
from  the  slab  edges,  which  in  this  case  was  7.5  ft  (2  fig)  As  a  result,  vertical  strains  in  the  subgrade 

reach  a  level  where  they  remain  constant  rather  titan  decrease  as  in  a  truly  semi-infinite  elastic 
solid,  since  they  are  not  allowed  to  be  distributed  beyond  the  model  boundaries. 

To  investigate  this  phenomenon  further.  Series  B,  consisting  of  seven  additional  runs  was 
conducted.  The  lateral  subgrade  extent,  X,  beyond  the  slab  edges  was  increased  to  35  ft 
(9  fig).  A  plot  of  maximum  responses  obtained  is  shown  in  Figure  4.  Comparison  with  Series  A 

indicates  that  the  depth  at  which  vertical  strain  decreases  to  a  constant  value,  as  well  as  this  value 
itself,  are  both  influenced  by  the  lateral  extent  of  the  subgrade.  Therefore,  for  a  given  lateral 
subgrade  extent,  the  finite  element  model  will  overestimate  vertical  deformation,  if  the  subgrade 
extends  vertically  beyond  the  constant  vertical  strain  depth, 

Although  this  is  influenced  by  the  lateral  extent  of  the  subgrade,  a  subgrade  depth  of  about 
40  ft  (10  iy  may  be  used  as  a  typical  value, 
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Table  2.  Effect  of  Subgrade  Vertical  Extent  -  Series  A 


Run 

Subgrade 
Depth,  Z  (ft) 

mils 

% 

psi 

% 

psl 

% 

7 

5 

1.334 

69.05 

(0.3012) 

(105.28) 

32.73 

96.67 

8 

10 

1.643 

85.04 

0.2840 

99.27 

33.79 

99.79 

9 

15 

1.750 

90.58 

0.2864 

100.10 

33.85 

99.97 

10 

20 

1.799 

93.12 

0.2861 

100.00 

33.86 

100.00 

11 

25 

1.844 

95.45 

‘0.2864 

100.10 

33.86 

100.00 

12 

30 

1.888 

97.72 

0.2861 

— 

33.86 

100.00 

13 

35 

1.932 

100 

0.2861 

100 

33.86 

100 

Notes: 

•  See  Table  1  for  problem  specifications. 

•  Subgrade  is  divided  into  5-ft  thick  layers. 

•  Maximum  deflection,  Sj,  under  interior  point  load,  at  top  of  slab. 

•  Maximum  subgrade  stress,  qj,  under  interior  point  load,  at  top  of  subgrade,  by 
diagonal  linear  extrapolation  (except  for  Run  7,  qj  at  z  »  2.5  ft). 

•  Maximum  bending  stress,  Oj,  under  interior  point  load,  at  bottom  of  slab,  by 
orthogonal  linear  extrapolation. 

•  Responses  expressed  as  a  percentage  of  the  values  for  Run  13. 
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0  S  10  15  20  25  30  35  40  45  50  S5 

Total  Subgrade  D«f»th,  2  (ft) 


Figure  4.  Effect  of  Subgrade  Vertical  Extent «  Series  B 


7.  Lateral  Subgrade  Extent 


The  effect  of  the  size  of  the  soil  model  cube  in  the  horizontal  direction  was  examined  more 
closely  by  another  set  of  seven  runs,  results  from  which  are  plotted  in  a  normalized  fashion  in 
Figure  5.  Maximum  bending  and  subgrade  stresses  (o^  and  qj)  are  not  significantly  affected  by 

lateral  subgrade  extent,  but  deflection,  8j,  can  be  grossly  underestimated  if  lateral  boundaries  are 
too  close  to  the  slab  edges.  The  trends  in  Figure  5  confirm  the  observations  made  in  the  previous 
section  that  the  depth  at  which  vertical  strain  decreases  to  a  constant  value,  as  well  as  this  value 
itself,  are  both  influenced  by  the  lateral  extent  of  the  subgrade.  Since  the  total  depth  of  the 
subgrade,  Z,  is  kept  constant  at  30  ft  (8  fig)  in  these  runs,  the  effect  of  increasing  the  subgrade 
lateral  extent,  X,  is  to  increase  the  depth  at  which  vertical  strain  becomes  a  constant,  zcvs,  and  to 
decrease  the  value  of  this  constant  vertical  strain  itself.  Major  improvement  in  the  value  of  8j  is 
achieved  even  when  X  is  only  24  ft  (6  fig).  Therefore,  a  lateral  extent  between  25  and  35  ft  (or  7- 
10  fi^)  should  be  used. 


8.  Boundary  Conditions 

Several  different  boundary  condition  options  exist  for  the  problem  examined  in  this  study. 
The  primary  consideration  in  selecting  one  from  among  these,  is  the  simple  observation  that  at  an 
infinite  distance  from  the  load,  a  subgrade  boundary  will  experience  neither  displacements  nor 
stresses.  This  suggest  that  any  boundary  condition  (c.g.,  fixed,  free,  or  on  rollers)  will  be 
adequate  if  the  sof  extends  to  infinity.  As  the  boundaries  move  closer  to  the  load,  either  or  both 
the  stress-free  and  displacement-free  conditions  will  inevitably  be  violated,  introducing  an  error 
into  the  solution  [8]. 

’’f  literal  displacements  in  the  horizontal  lower  boundary  are  restrained,  the  model  will  be 
too  stiff  compared  to  the  semi-infinite  elastic  half-space.  On  the  other  hand,  a  horizontal  lower 
boundary  that  is  free  to  move  laterally  allows  the  elements  to  distribute  their  load  by  deforming. 
Therefore,  a  smooth  base  should  be  assumed.  For  the  vertical  lateral  boundaries,  vertical 
displacements  should  be  permitted,  being  similar  to  the  lateral  displacements  on  the  horizontal 
base.  Both  free  and  roller-type  boundaries  would  allow  such  displacements. 

In  order  to  examine  the  behavior  of  these  two  types  of  lateral  boundaries  (i.e.,  free,  or  on 
rollers),  results  from  four  runs  are  compared  in  Figure  6.  These  confirm  that  maximum  responses 
are  more  sensitive  to  the  boundary  conditions  used  when  the  lateral  boundaries  are  closer  to  the 
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Figure  6.  Efftct  of  Boundary  Conditions  on  Subgrads  Surfacs 
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load.  Furthermore,  maximum  deflection,  Sj,  is  once  again  affected  much  more  significantly  than 

the  other  two  responses.  As  expected,  a  stiffer  response  Gower  deflection)  is  obtained  with  the 
roller-type,  compared  to  the  free  boundaries.  The  two  curves  for  boundaries  at  37.5  ft  (10  £e) 

from  the  load  are  fairly  close  to  each  other.  They  may  be  assumed  to  provide  a  better 
approximation  to  the  elastic  half-space  response  than  the  curves  for  boundaries  at  15  ft  (4  J^)  from 

the  load.  When  the  lateral  boundaries  are  this  close,  however,  neither  boundary  condition  appears 
to  have  an  advantage  over  the  other. 

Figure  7  presents  the  variation  of  radial  stain  in  the  surface  subgrade  layer.  Of  the  two 
curves  for  boundaries  at  15  ft  (4  De)  from  the  load,  the  one  with  the  roller-type  boundary  condition 
is  closer  to  the  curves  for  boundaries  at  37.5  ft  (10  flc)  from  the  load.  For  these  reasons,  roller- 
type  lateral  boundaries  are  adopted  in  this  study. 


9.  Number  of  Slab  Layers 

Figure  8  is  a  graphical  presentation  of  results  from  five  runs,  employing  an  increasing 
number  of  slab  layers,  normalized  with  respect  to  the  responses  obtained  using  the  greatest  number 
of  slab  layers  (NLAYER  a  6).  It  is  obsened  that  although  there  is  a  slight  improvement  in  the 
results  as  the  number  of  layers  increases,  maximum  responses  can  be  determined  fairly  accurately 
even  using  only  two  layers.  Note  that,  according  to  the  extrapolation  method  adopted,  only  values 
from  the  lower  two  slab  layers  are  used  in  calculating  the  maximum  bending  stress.  This  probably 
explains  the  good  performance  of  the  two-layer  slab,  which  is  the  only  case  involving  a  calculated 
stress  point  above  the  neutral  axis.  As  a  result,  the  two-layer  slab  gives  results  very  dose  to  these 
obtained  using  five  or  su  layers,  which  makes  it  a  very  attractive  option. 


10.  Vertical  Division  of  Subgrade 

In  most  of  the  preceding  runs,  the  soil  cube  has  been  divided  into  three  layers,  by 
horizontal  nodal  planes  located  at  depth,  z,  values  of  0,  -3,  -13  and  -30  ft  This  follows  from  an 
arbitrary  but  intuitive  assumption,  that  the  total  depth  of  the  subgrade  may  be  divided  into  an 
upper,  a  middle  and  a  lower  portion.  Any  number  of  layers  may  be  ascribed  to  each  of  these  three 
portions.  In  the  runs  above,  ooe  layer  per  poitian  was  used  for  simplicity.  In  this  section  the 
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figure  7.  Radial  Strain,  Eyy  Distributions  Along  Stab  y-Axis  ot  Symmatry 
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Figure  8.  Effect  of  Number  of  Stub  Layers 


effect  of  the  number  of  layers  used  in  the  subgrade  will  be  examined,  with  a  view  of  developing 
some  user  guidelines  for  later  runs. 

Several  series  of  runs  were  conducted  to  determine  both  the  extent  and  the  required 
fineness  of  die  three  arbitrary  portions  of  the  subgrade.  These  confirmed  the  overriding 
importance  of  the  upper  subgrade  portion  fineness,  which  is  illustrated  in  Figure  9.  Here,  this 
portion  is  assumed  to  consist  of  the  top  8  ft  of  the  subgrade,  whose  total  depth  is  30  ft  Maximum 
deflection  and  bending  stress  are  only  slighdy  sensitive  to  this  effect.  The  subgrade  stress, 
however,  is  significandy  improved  as  the  upper  portion  is  divided  into  more  layers.  This  is  to  be 
expected  since  the  stress  points,  from  which  maximum  subgrade  stress  is  extrapolated,  move 
closer  to  the  surface  (as  the  upper  layers  become  thinner).  The  accuracy  of  the  extrapolation  is 
thereby  improved.  In  fact  Figure  9  suggests  that  further  improvement  is  possible  using  a  still 
finer  upper  portion.  An  alternative  interpretation  is  that  the  assumed  thickness  of  the  upper  portion 
(8  ft  or  2  fig)  was  too  large. 

In  a  second  series,  the  upper  portion  was  considered  to  be  only  4  ft  thick,  and  results 
indicated  the  choice  of  a  shallower  upper  portion  and  correspondingly  thinner  upper  layers  is 
warranted.  In  addition,  the  thickness  of  the  upper  layers  should  be  between  1  and  2  ft  (0.25  to 
0.5  fig)  for  better  accuracy. 

The  sensitivity  of  the  results  to  lower  portion  fineness  appears  to  be  limited,  provided  the 
lower  portion  begins  at  a  considerable  depth,  preferably  below  half  the  constant  vertical  strain 
depth,  z^.  The  sensitivity  of  the  results  to  the  fineness  of  the  middle  portion  is  less  than  for  the 

upper  portion,  but  greater  than  for  the  lower  portion  (Figure  10),  Although  one  middle  portion 
layer  would  be  adequate  for  maximum  response  determination  under  these  conditions,  it  is 
recommended  that  at  least  two  layers  be  used  when  considering  distribution  of  stresses  and 
displacements  with  depth. 

The  preceding  analyses  have  led  to  the  following  conclusions  which  can  be  used  as 
guidelines  in  future  runs.  The  subgrade  may  be  divided  into  three  portions  in  the  vortical  direction. 
The  upper  portion  should  extend  from  0  to  4  ft(0  to  1  fig)  and  should  consist  of  laym  not  mote 
than  1  to  2  ft  thick  (0.25  to  0.5  fig).  The  middle  portion  should  extend  from  4  to  15  ft  (1  to  4^), 
or  half  the  constant  vertical  strain  depth,  zevs.  if  known,  and  should  be  divided  into  at  least  two 
laym.  Finally,  the  lower  portion  should  cover  the  remainder  of  the  soil  cube,  and  may  be  divided 
into  one  or  more  layers. 
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Figure  9.  Fifed  of  Subgrade  Upper  Portion  Fineness  -  Series  A 
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11.  Horizontal  S  -bgrede  Mesh  Fineness 

Mesh  fineness  in  die  horizontal  plane  has  been  identified  as  one  of  the  most  important 
factors  influencing  die  accuracy  of  finite  element  results  in  earlier  twtM&nensional  studies 
conducted  at  the  University  of  liiinois  [1;  9]  and  elsewhere.  The  investigation  of  this  effect  for  the 
tltrce-dimensionai  case  was  conducted  in  two  stages.  The  horizontal  mesh  fineness  in  the  region  of 
the  model  beyond  the  slab  edges  to  the  vertical  lateral  boundaries  is  considered  first. 

Maximum  responses  from  several  runs  are  shown  in  a  normalized  form  in  Figure  1 1.  All 
three  responses  converge  from  below,  and  bending  stress  is  not  sensitive  to  this  mesh  fineness 
effect  For  accurate  subgrade  stress  and  deflection  values,  however,  a  relatively  fine  mesh  is 
needed.  Naturally,  this  will  be  more  demanding  on  computer  storage  requirements. 

An  alternative  was  sought  in  the  use  of  elements  of  unequal  size.  The  effect  of  the  load 
applied  on  the  slab  diminishes  with  distance  from  the  slab  edges.  Therefore,  in  modeling  the 
subgrade,  smaller  elements  are  appropriate  near  the  slab,  while  the  mesh  can  become  coarser  closer 
to  the  vertical  lateral  boundaries.  Based  on  the  results  obtained,  it  is  recommended  that  X  be 
divided  into  two  elements,  one  4  ft  in  size  near  the  slab  (1  lb),  and  another  26  ft  for  the  remainder 
(7%). 


12.  Horizontal  Slab  Mesh  Fineness  and  Element 

Aspect  Ratio 

Three  series  of  GEOSYS  nms  were  conducted  to  examine  the  influence  of  horizontal  slab 
mesh  fineness  on  the  response  of  the  three-dimensional  slab-oo-grade.  The  treads  observed  in 
Figure  12  are  similar  to  thore  noted  meariiertvwKiimensk»rifuure  element  studies  (1;  9), 
inasmuch  as  aU  three  maximum  responses  converge  from  below.  Deflection  and  subgrade  stress 
appear  to  be  less  sensitive  to  horizontal  mesh  fineness,  and  adequate  accuracy  may  be  expected  as 
the  mesh  fineness  ratio,  (2a/h),  of  tire  (shorty  side  length  of  the  finite  element  (plan  view)  to  the 
slab  thickness,  approaches  the  value  of  0.8.  This  is  simitar  to  the  vriuedetOTnined  from  the  two- 
dimensional  studies  (1;  9].  Bending  stress  appears  to  be  more  sensitive  to  this  effect  requiring 
values  of  (2ajh)  less  than  0.S  for  convergence. 
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It  was  also  found  that  although  the  solution  deteriorates  as  the  maximum  slab  element 
aspect  ratio,  txmax*  increases,  the  impact  of  this  factor  is  limited,  especially  if  otmax  is  kept  below 
4.  Element  aspect  ratio  (in  plan  view)  is  defined  as  die  quotient  of  the  long  side,  2b,  of  the  finite 
element  divided  by  the  short  side,  2a.  This  recommendation  is  somewhat  less  stringent  than  the 
one  developed  using  the  two-dimensional  TILT-SLAB  model  [1;  9]. 


13.  Discussion  -  Conclusions 

The  main  focus  of  investigations  discussed  herein  has  been  the  application  of  the  three- 
dimensional  finite  element  program  GEOSYS  [4]  to  the  solution  of. the  slab-on-grade  problem. 
The  program  uses  an  elastic  solid  foundation.  Naturally,  three-dimensional  analysis  presents 
several  problems,  such  as:  prolonged  execution  times  (especially  when  an  iterative  scheme  is  used 
to  introduce  subgrade  stress  dependence  [2;  3]);  the  use  of  relatively  coarse  meshes;  the  need  for 
stress  extrapolation  to  determine  critical  responses,  etc.  Nonetheless,  considerable  progress  has 
been  made  in  establishing  user  guidelines  for  the  application  of  this  finite  element  slab-on-grade 
model. 


Investigations  conducted  during  this  study  have  shown  that  several  important  decisions 
must  be  made  with  respect  to  the  design  of  the  finite  element  mesh  used  for  three-dimensional  slab- 
on-grade  analysis.  To  provide  the  database  for  establishing  some  user  guidelines  for  this  purpose, 
108  GEOSYS  runs  have  been  conducted.  Despite  the  tremendous  amount  of  information 
accumulated  from  these  results,  the  present  study  cannot  be  considered  exhaustive.  It  does 
represent,  however,  a  substantial  effort  to  provide  adequate  answers  to  very  complex  questions. 

For  example,  the  loading  assumed  for  the  mesh  investigation  runs  was  almost  always  a 
point  load.  This  is  simple  and  easy  to  apply  at  a  node,  compared  to  a  uniformly  distributed  load 
covering,  in  general,  only  part  of  an  element.  The  latter  must  be  converted  into  work  equivalent 
nodal  load  components.  The  point  load,  however,  conceals  a  mesh  fineness  effect  related  to  the 
size  of  the  loaded  area  [10]. 

The  overriding  importance  of  mesh  fineness  was  first  identified  and  quantified  in  previous 
University  of  Illinois  studies,  i  sing  two-dimensional  models  [1 ;  9].  A  major  conclusion  reached 
was  that  a  more  stringent  mesh  fineness  criterion  is  required  under  the  loaded  area,  than  elsewhere 
in  the  finite  element  mesh  [11].  This  counterbalances  the  approximation  involved  in  discretizing 
applied  distributed  loads.  A  corollary  of  this,  which  has  serious  implications  with  respect  to  recent 


78 


efforts  to  model  nonuniform  pressure  distributions  [12;  13],  may  be  stated  as  follows:  In  view  of 
the  conversion  of  external  distributed  loads  into  nodal  components  (which  inevitably  leads  to  at 
least  some  approximation,  especially  in  the  case  of  partially  loaded  elements),  refinement  of  the 
applied  pressure  distribution,  for  the  purpose  of  simulating  observed  deviations  from  simplistic 
uniformity,  without  due  consideration  and  reciprocal  improvement  of  mesh  fineness,  will  be  self- 
defeating,  leading  only  to  an  illusion  of  improved  accuracy. 
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15.  List  of  Symbols 


2a  =  short  side  of  finite  element  (plan  view) 

2b  =  long  side  of  finite  element  (plan  view) 

E  =  Young's  modulus  of  slab 

Es  =  Young's  modulus  of  elastic  solid  foundation 

h  =  slab  thickness 

h|  =  shape  function  for  brick  element 

1  -  dummy  index 

J?e  =  radius  of  relative  stiffness  for  elastic  solid 

foundation  [=  3  V{Eh3(l-ps2)/6(l-p2)Es}] 


NLAYER 

5=5 

number  of  slab  layers 

NMIDDLE 

c 

number  of  layers  in  middie  subgrade  portion 

NUMEL 

ss 

number  of  slab  elements  (plan  view) 

NUMELX 

o 

number  of  subgrade  element  columns  (plan  view) 

NUPPER 

ss 

number  of  layers  in  upper  subgrade  portion 

NLOWER 

= 

number  of  layers  in  lower  subgrade  portion 

P  =  applied  load  (force) 

q  a  (maximum  value  of)  vertical  subgrade  pressure 
r  »  radial  distance 

u  »  generalized  nodal  displacement  for  brick  element 
ux,  Uy,  uz  a  displacements  in  x,y,z  directions,  respectively 
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X  =  subgrade  lateral  extent  beyond  slab  edges 
x  =  horizontal  Cartesian  coordinate 

y  =  horizontal  Cartesian  coordinate 

Z  =  total  subgrade  depth  assumed  in  finite  element  model 
z  =  vertical  Cartesian  coordinate 

zcws  =  constant  vertical  strain  depth 

a  =  finite  element  aspect  ratio  (plan  view)  [=2b/2a] 
ctj^  =  coefficients  of  incompatible  displacement  functions 

S  =  (maximum  value  of)  vertical  deflection 
5|  =  maximum  deflection  under  interior  load 

qj  »  maximum  subgrade  stress 

0|  »  maximum  bending  stress 

e  =  strain 

C  b  local  orthogonal  coordinate 

«=  local  orthogonal  coordinate 

p.  *  Poisson's  ratio  for  slab 

ps  a  Poisson's  ratio  for  elastic  solid 

$  *  local  orthogonal  coordinate 

o  =  (maximum  value  of)  slab  bending  stress 
za/n  a  mesh  fineness  ratio 
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Subscripts 

i  =  pertaining  to  interior  loading 
max  =  maximum  value  of 
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Micro  Mechanical  Behavior  of  Pavements 


R.  Lytton 


Texas  Transportation  institute 


1.  Introduction 


The  design  of  an  airport  pavement  must  be  based  upon  an  analysis  of  its  ability  to 
withstand  different  forms  of  distress  while  being  subjected  to  the  rigors  of  aircraft  traffic  and 
weather.  Of  major  importance  ait  the  structural  integrity  of  the  pavement  and  die  formation  of 
fragments  which  create  a  potential  for  Foreign  Object  Damage  (FOD)  to  both  propeller  and  jet- 
driven  aircraft 

In  considering  new  materials  for  use  in  airport  pavements,  some  means  of  predicting  the 
rate  of  appearance  of  distress  and  FOD  potential  must  be  devised.  Prediction  means  being  able  to 
test  a  material  to  determine  relevant  material  properties,  and  to  use  these  properties  to  analyze  the 
anticipated  effects  of  traffic  and  weather  on  the  distress  rate.  Maximum  use  should  be  made  of  the 
discipline  of  mechanics  because  of  its  proven  efficiency  in  summarizing  and  extrapolating  data. 

In  considering  new  aircraft,  mechanics  should  be  used  to  analyze  and  anticipate  the  effects 
of  landing  gear,  tire,  and  tire  contact  pressure  configurations  on  the  distress  and  FOD  potential 
rates  on  both  existing  and  planned  airport  pavements. 

In  considering  alternative  rehabilitation  methods,  mechanics  once  more  will  prove  useful  in 
being  able  to  predict  the  effects of  existing  or  foture  aircraft  on  the  distress  and  FOD  potential  rates 
that  are  to  be  expected. 

Mechanics  requires  material  properties  in  older  to  make  its  predictions.  Material  properties 
ait  characteristics  of  a  material  thatippear  in  constitutive  relations.  They  do  not  include,  nor  axe 
they  dependent  upon,  the  geometry  or  thickness  of  pavement  layers. 

This  paper  presents  a  brief  summary  of  the  types  of  distress,  the  types  of  material 
properties  and  which  types  of  material  properties  arc  needed  to  describe  each  type  of  distress  in 
each  pavement  layer  are  tabulated.  Constitutive  equations  that  are  appropriate  for  these  material 
properties  are  listed  in  increasing  order  of  complexity, with  the  simpler  ones  being  preferred  for 
microcomputer  applications. 

Illustrations  of  materials  characterizations  are  presented  covering  a  simple  way  of 
representing  the  damage  done  to  a  material  by  microcracking,  the  formulation  of  elastic  dilatancy, 
and  the  determination  erf  material  properties  for  a  hypoelastic  base  course  material  These 
illustrations  demonstrate  the  kind  of  materials  characterization  that  will  be  required  to  permit 
accurate  predictions  of  the  rate  of  appearance  of  pavement  distress  and  FOD  potential  It  is 
envisioned  that  all  of  these  materials  characterizations  will  be  implemented  in  a  three-dimensional 
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(3-D)  finite  element  (FE)  program  and  thus  the  materials  properties  must  have  two  principal 
attributes:  1)  they  must  be  capable  of  being  determined  from  laboratory  tests,  and  2)  they  must  be 
capable  of  being  represented  in  a  finite  element  program  and  lead  to  stable  convergence  in  an 
iterative  computational  scheme. 


2.  Types  of  Pavement  Distress 

Tables  1  and  2  indicate  the  principal  types  of  distress  which  occur  with  flexible  pavements 
(Table  1)  and  concrete  pavements  (Table  2),  with  each  table  listing  those  types  of  distress  which 
produce  fragments  which  can  cause  FOD  potential.  It  is  particularly  important  to  be  able  to  predict 
mechanistically  each  of  these  types  of  distress  This  capability  will  make  it  possible  to  mate 
laboratory  determinations  of  the  properties  of  new  materials  which  enhance  or  inhibit  the  formation 
of  distress,  and  thus  to  screen  efficiently  and  inexpensively  the  promising  materials  from  those  that 
are  less  so. 


3.  Categories  of  Material  Properties 

As  shown  in  Table  3,  there  are  four  broad  categories  of  material  properties  which  must  be 
known  for  each  material  in  a  pavement  to  be  analyzed:  resilient,  dilatancy,  plasticity,  and  fracture. 
Each  of  these  is  altered  by  interaction  with  the  surrounding  elements  (oxygen,  water,  water  vapor, 
salt  solutions)  and  the  action  of  the  elements  of  the  weather. 

Resilient  properties  have  to  do  with  the  stiffness  of  each  material  under  conditions  of 
repeated  loading  and  unloading  . 

Dilatancy  properties  are  of  two  types:  elastic  and  plastic.  Elastic  dilatancy  is  a  volume 
change  that  occurs  during  loading  and  unloading  in  which  the  net  clastic  work  is  zero.  Plastic 
dilatancy  occurs  when  the  material  has  reached  its  yielding  state  and  irreversible  volume  change 
occurs. 
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Table  1.  Flexible  Pavement  Distress 


•  Rutting 

•  Fatigue  Clacking  (FOD  Potential) 

•  Thermal  Cracking 

-  Low  temperature 

-  Thermal  fatigue 

•  Spalling  (FOD  Potential) 

•  Stripping 

•  Weather  and  Raveling  (FOD  Potential) 

•  Block  Cracking 

•  Corrugations 

•  Pumping 

Table  2.  Concrete  Pavement  Distress 

•  FatigueOracking  (FOD  Potential) 

•  Faulting 

•  Spalling  (FOD  Potential) 

•  Thermal  Cracking 

•  Shrinkage  Cracking 

•  Debooding  of  Reinforcing 

•  Pumping 

Table  3.  Categories  of  Material  Properties 

•  Resilient 

•  Dilatancy 

-  Bheifc 
«  Plastic 

•  Plasticity 

-  Work-hardening  (isotropic,  kinematic) 

-  Work-softening  (shear  banding) 

•  Fracture 

-  Microfracture  process 

-  Crack  propagation 


A  special  case  which  has  characteristics  similar  to  both  resilient  and  plastic  dilatancy  is  that 
ofhypoelasticity,  in  which  the  stress-strain  curve  of  a  material  is  stress-path  dependent  Thus,  the 
stress-strain  curve  on  loading  may  be  curved  while  the  unloading  curve  follows  a  straight  line,  and 
permanent  deformation  results  from  each  loading  and  unloading  cycle.  This  is  typical  of  many 
materials  of  which  pavements  are  constructed. 

Plasticity  properties  include  the  yield  surface,  die  plastic  potential,  and  the  work-hardening 
rule.  The  hardening  rule  may  be  either  for  isotropic  hardening  which  is  used  for  metrotome 
loading  or  kinematic  hardening  which  is  used  with  cyclic  loading.  Mixed  hardening  provides  fa*  a 
combination  of  both  isotropic  and  kinematic  hardening.  For  many  materials  of  which  pavements 
are  constructed,  work-softening  occurs,  producing  narrow  shear  tends  of  plastically  deformed 

material, 

Fracture  properties  govern  iterate  of  growth  of  cracks  is  a  material  Cracking  is  generally 
divided  into  the  growth  and  coaJespsnsg  u  distributed  microcracks  ami  the  subsequent  growth  of 
the  visible  crack.  The  fte*  ptesc  is  commonly  termed  crack  initiation  and  the  second  is  crack 
propagate.  Tmgsowtfi  of  cracks  is  gowned  by  the  same  material  properties  regardless  of  the 
oFti-gr  cracks.  However,  ting  the  effects  of  microcracking  in  FE  analysis  poses  a 


Fracture  properties  am  defined  in  the  discipline  of  fracture  mechanics  in  which  an  energy 
budget  is  used  to  itccomu  for  the  strain  energy  that  is  released  as  the  cracks  grow,  or  is  dissipated 
with  each  load  cycle,  or  is  stored  cm  the  surface  of  the  newly  created  cracks.  The  paving  materials 
which  are  fractured  are  nonlinear,  viscoelastic,  and  disordered  materials  in  which  scale  effects 
become  important  in  governing  the  rite  of  microcrack  grow  th  and  of  creek  propagation. 

Table  9-4  shows  which  of  these  material  properties  arc  needed  to  predict  the  various  kinds 
flexible  pavement  distress  previously  mentioned  in  each  of  the  pavement  layers.  Table  5  shows 
the  different  material  properties  that  are  needed  to  jxedia  concrete  pavement  distress  in  each  of  the 
pavement  layers. 
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Tablfl  4.  Properties  Relevant  to  Pavement  Distress 


FLEX1ILE  PAVEKEHTS 

Resilient  Dllatancy  Dllatancy  Plasticity  Fracture  Fracture 

(Elastic)  (Plastic)  (Hardening)  (Hlcro)  (Propagation) 

1  Rutting 

All 

All 

All 

All 
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s 

By' ' '  ! ,r,wm 

■■ 

All 
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S.B 
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s 

nssmmm 

- - - 
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- 
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s 

low  Teaperature 

s 

• 

• 
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s 

s 

Thenwl  Fatigue 

s 

- 

. 

s 

s 

s 

- 

All 

All 

s 

s 

1  Stripping 

S 

S 

• 

• 

s 

$ 

if  yy wttMBMBi 

S 

s 

s 

block  Cracking 

s 

• 

• 

• 

s 

s 

Corrugations 

All 

All 

All 

All 

• 

ieShhhh 

BBM 

BBBji 

HEHp 

■m 

• 

Relevant  Layer:  Surface  (S),  lest  (B),  Subbest  (SB),  Subgrade  (S6) 
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Table  5.  Properties  Relevant  to  Pavement  Distress 


CONCRETE  RAVEN ENTS 

Resilient  Oilatancy  Olaltancy  Plasticity  Plasticity  Fracture  Fracture 

(Elastic)  (Plastic)  (Hardening)  (Softening)  (Micro)  (Propagation) 

■naffr 

WSStsSKm 

All 

SB,  SG 

SB.SG 

S 

s 

s 

mmmm 

All 

SB.S6 

SB.SG 

SB.SG 

• 

« 

• 

tyntaSHH 

S.SB 

S 

s 

s 

S 

• 

• 

. 

• 

s 

s 

s 

s 

s 

Ocbonding  of 
Reinforcing 

s 

S 

s 

s 

Punping 

S.SB 

SB.SG 

SB.SG 

SB.SG 

- 

- 

Relevant  layer;  Surface  (S),  Subcase  (SB).  Subgrade  (36) 
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4.  Implementation  of  Material  Properties  Models 

Some  of  the  material  properties  described  above  have  been  included  in  existing  3-D  FE 
programs  and  others  have  not.  In  order  to  develop  the  ability  to  analyze,  predict,  and  thus  to 
design  airport  pavements  in  the  future,  all  of  these  properties  must  be  introduced  into  a  single 
program  and  the  convergence  and  stability  characteristics  of  each  must  be  experimented  with  before 
settling  upon  those  ways  of  describing  material  properties  mathematically.  The  material  properties 
must  possess  these  threefold  capabilities: 

1 .  To  represent  the  material  response  accurately, 

2.  To  be.  able  to  be  represented  conveniently  and  realistically  in  a  numerical  integration 
method,  and 

3 .  To  cor,  /erge  rapidly  with  iterations  while  remaining  stable. 

Such  experimentation  as  is  needed  is  best  undertaken  in  a  systematic  way,  introducing  each 
new  desired  characteristic,  and  determining  its  accuracy,  numerical  compatibility,  and  convergence 
and  stability  capabilities  before  advancing  to  include  still  more  desirable  characteristics. 

Table  6  shows  a  schematic  phase  development  for  introducing  resilient  and  elastic  dilatant 
properties  into  a  numerical  model.  The  column  marked  “Now”  shows  the  capabilities  that  are 
included  in  commercially-available  3-D  FE  codes  at  present 

Some  of  these  properties  are  self-explanatory  and  others  are  not.  The  hyperelastic 
formulation  preserves  stress-path  independence  and  generates  no  elastic  work  on  loading  and 
unloading,  while  introducing  several  additional  material  properties.  For  example,  the  Cauchy 
second-order  elastic  model  requires  six  material  properties  and  the  Green  second-order  elastic 
model  requires  five  material  properties.  Both  of  these  models  are  capable  of  representing  the 
elastic  dilatancy  of  a  material. 

Elastic  dilatant  materials  are  derived  in  a  more  phenomenological  way  than  the  Cauchy  or 
Green  hyperelastic  material  models.  While  requiring  that  the  secant  modulus  of  a  stress-strain 
curve  is  dependent  upon  the  stress  state  of  the  material,  it  also  meets  the  requirements  of  stress- 
path  independence  and  zero  elastic  work  on  loading  and  unloading.  An  example  of  such  a 
formulation  is  presented  later  in  this  paper. 

Hypoelastic  models  are  stress-path  dependent  and  are  hysteretic  on  loading  and  loading. 

As  such,  they  are  typical  of  many  of  the  kinds  of  materials  of  which  pavements  are  constructed. 
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The  zero-order  hypoelastic  model  requires  two  material  constants  which  are  the  familiar  elastic 
constants.  The  first  -order  model  requires  seven  material  parameters. 

The  material  properties  required  for  each  of  the  models  in  Table  6  can  be  found  from  simple 
laboratory  tests  but  ones  in  which  all  components  of  stress  and  strain  are  known  or  measured. 

Table  6.  Present  and  Future  Material  Properties  in  3-D  FE  Response 

Models 


• 

Phase  of  Development  1 

Now 

i 

ii 

•  Resilient  Properties 

-  Linear 

wmmm 

| 

-  Non-linear 

1 

•  J,  dependent 

wmm 

I 

.  Jt,  Jj1  dependent 

warn 

-  Hyperelastic 

hi 

♦  Elastic  Dilatant 

•  J1t  Jj1  dependent 

mmm 

»  Hypoelastic 

1 

1  .  Order  0 

■hm 

j 

R  •  Order  1 

mmm 

1 
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Table  7  lists  some  typically  plasticity  properties  that  need  to  be  incorporated  into  existing 
3-D  FE  models  in  older  to  properly  represent  pavement  materials.  As  with  Table  6,  the  column 
marked  “Now”  indicates  those  properties  which  can  be  found  in  commercially-available  3-D  FE 
programs. 

The  Tresca,  von  Mises,  and  Mohr-Coulomb  yield  functions  have  been  incorporated  into  a 
number  of  FE  programs  along  with  associated  flow  rules.  More  appropriate  for  many  pavement 
materials  are  the  Vermeer  [1£]  and  Lade  [3;4;5]  which  use  non-associated  flow  rules  and  a  more 
realistic  yield  function. 

The  work-hardening  and  work-softening  formulations  are  for  the  most  part  in 
developmental  stages  at  present .  Only  the  linear  work-hardening  characteristics  are  found  in 
commercially-available  FE  programs. 

Table  8  shows  the  present  and  future  fracture  properties  to  be  included  in  3-D  FE  models. 
Fracturing  presents  a  problem  to  represent  in  a  continuum  finite  element  program  because  it  breaks 
up  the  continuum. 

One  way  to  present  the  effect  of  a  crack  is  to  reduce  the  moduli  in  the  elements  where  the 
crack  exists.  To  be  realistic,  however,  the  amount  of  modulus  reduction  that  occurs  should  be 
controlled  by  an  energy  budget  which  keeps  up  with  the  amount  of  energy  dissipated  or 
redistributed  as  the  crack  grows.  Those  changes  should  be  reflected  in  the  stiffness  matrix  of  each 
element.  An  example  of  this  is  presented  later  in  the  paper,  first  with  respect  to  a  single  crack  and 
then  with  respect  to  microcracking. 

Reduced  modulus  formulations  treat  the  presence  of  cracking  or  microcracldng  as  damage 
which  may  be  dependent  upon  the  maximum  strain  the  material  has  experienced  in  its  history,  the 
current  strain  level,  and  the  number  of  toad  repetitions.  The  quasi-elastic  representation  is  due  to 
Schapery  (6;  7 j  who  has  developed  an  extended  correspondence  principle  to  permit  the  application 
of  the  same  methods  to  viscoelasticity. 

Strain  energy  release  rate  methods  are  presently  in  use  in  FE  programs  to  determine  the 
stress  intensity  factors  and  Mntegra)  values  as  a  function  of  crack  length  for  various  loading 
conditions.  Used  in  this  way,  the  computed  results  assist  in  the  interpretation  of  laboratory  test 
results  when  the  tests  are  run  on  elastic  and  viscoelastic  materials.  Various  methods  of 
representing  the  presence  and  the  effects  of  a  tniaocrack  process  zone  surrounding  and  in  advance 


Table  7.  Present  and  Future  Plasticity  Properties  in  3-D  FE  Response 

Models 


96 


Table  8.  Present  and  Future  Properties  in  3-D  FE  Response  Models 


Phase  of  Development  I 

Now 

i 

ii 

hi  | 

•  Fracture  Properties 

1 

-  Reduced  modulus 

• 

| 

•  Strain-dependent 

warn 

1 

*  Repeated  load  dependent 

j 

•  Quasi-elastic 

■i 

| 

.  Elastic 

■■i 

•  Viscoelastic 

■HI  1 

•  Microcrack  process 

I- 1 

of  a  propagating  crack  are  also  in  use.  Principal  among  these  is  to  treat  the  microcrack  process 
zone  as  a  “damaged’'  zone  with  altered  stress-strain  curve  characteristics. 

Whether  it  is  necessary  or  even  desirable  to  adapt  these  methods  to  the  prediction  of 
pavement  distress  temains  to  be  seen.  Although  it  can  be  done,  it  will  result  in  longer  computer 
running  times  in  which  the  finite  element  mesh  must  be  restructured  each  rime  the  cracks  take  on  an 
increment  of  growth.  The  decision  whether  to  remain  with  the  reduced  modulus  methods  or  to 
change  to  the  strain  energy  release  rate  methods  must  be  made  on  the  basis  of  their  threefold 
capabilities  of  accuracy,  numerical  compatibility,  and  convergence  and  stability. 

In  the  following  sections,  several  of  the  ideas  mentioned  above  will  be  illustrated. 
Specifically,  these  will  include: 

1.  resilient  elastic  dilatancy, 

2.  hypoelasdc  formulation,  and 

3.  reduced  modulus  to  represent  microcracking  damage. 
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Example  No.  1:  Resilient  Elastic  Dilatancy 

Path  dependence  upon  loading  and  unloading  requites  that  the  contour  integral  in  Figure  1, 
representing  the  elastic  work  done  in  the  process,  be  zero.  The  bulk  modulus,  K,  and  the  shear 
modulus,  G,  are  equal  to: 

K  =  — E — 

3(l-2u) 

~2(l+t»  a 


in  terms  of  Young's  modulus  and  Poisson's  ratio.  Substituting  these  expressions  for  K  and 
G  into  the  integral  and  requiring  the  kernel  to  be  zero  produces  a  partial  differential  equation  in 
terms  of  In  E  and  n,  as  follows: 


0= 


3  dU 


+x*. +1^2* 

h  dJi  3 


3(lnE) 

a h 


a(In  E) 

dJi 


(2) 


where 


E  »  resilient  modulus 

v  a  resilient  Poisson's  ratio 

A  phenomenological  expression  of  the  resilient  modulus  as  a  function  of  stress  state  which 
has  proven  to  be  very  accurate  in  representing  laboratory  and  field  results  [8]: 

E=k,a,)kia>  o) 

which  means  that 

In  E  » In  ki  +  kz  In  Ji  +  kj  In  J2  (4) 

substituting  this  expression  into  the  partial  equation  for  path  independence  wherever  In  E 
appears  results  in  the  followuig  differential  equation  in  terms  of  Poisson's  ratio,  v,  the  stress  state 
(Jj,  )  and  the  material  coefficients  (k1.k2.k3). 


ELASTIC  WORK 


Figure  i.  Tire  Condition  for  Resilient  Elude  Oltatancy 
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The  solution  to  this  equation  is 


U2  =  k4t#  (6) 

where 

ui  =  3J2  >  Jf  (7) 

u2  =  -7V - *  *  k2B&  +  k3,  -  k3  + 1)  +  k3B&  +  k3,  -  k3)|  (8) 

j}*#  2(Jj  -  3J2)  12  2  J 

B(x,  y)  » the  incomplete  Beta  Function 

As  an  illustration  of  the  accuracy  of  representation  of  material  properties  of  which  this 
formulation  is  capable,  the  resilient  modulus  data  measured  by  Allen  [9]  is  presented  in  Figures  2 
and  3.  In  addition  to  the  usual  accuracy  of  representing  the  laboratory  test  in  which  both  the  vertical 
and  lateral  strains  were  measured,  is  the  fact  that  there  was  an  increase  of  volume  under  load  which 
resulted  in  values  of  Poisson’s  ratio  greater  than  O.S. 

Implementing  this  property  resilient  elastic  dilatancy  in  a  finite  clement  program  requires  a 
certain  amount  of  manipulation  of  the  element  stiffness  matrices  and  load  vectors,  and  an  iterative 
process  to  converge  on  the  final  values  of  stress  state,  secant  modulus,  and  Poisson’s  ratio  in  each 
element 

The  following  formulation  has  been  developed  and  programmed  into  a  two-dimensional 
finite  element  program  in  cylindrical  coordinates.  It  makes  use  of  an  initial  strain  formulation  to 
account  for  the  effects  of  Poisson’s  ratio  being  greater  than  0.5.  The  formulation  is  as  follows. 
The  secant  modulus  relation  between  stress  and  strain  is  written  as: 

^r]  1  -V  0  -Vi  f  ** 

__1  -V  1  0  -V  Ox 

Tn  E  0  0  2(1  +V)  0  t n 

ej  L-v-v  0  lJloeJ  (9) 

when 

v  >  0.5,  let 

v  «  p  +  a(o) 

p  <  0.5 
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Computed  Log  (MR/PA) 


Measured  Log  (MR/PA) 


Figure  2.  Measured  vs.  Computed  Resilient  Modulus 
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Figure  3.  Measured  vs.  Computed  Poisson's  Ratio 
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This  produces  two  matrices  as  follows: 


‘  1  -\L  0 

-p  1  0 

-M- 

> 

1  -a  0  *a‘ 

{a}  + 

-a  1  0  -a 

0  0  2(1  +  p) 

0 

0  0  2a  0 

,-p-p  0 

1 

.-a  -a  0  1  . 

or  in  matrix  notation 

e=  Oa  +  C“a  =  e^+  e“ 


(10) 


(11) 


but  since 
o  =  [Oi]'1 

IV  M 


then 

o  =  DJi[  e  -  £“] 


(12) 


(13) 


where 

I >1  =  [Oa]1 


(14) 


and 


ef*  =  e  -  ea 


(15) 


This  is  substituted  into  the  equation  for  element  equilibrium,  the  iterative  equation  is  the 
result.  The  steps  in  the  derivations  are  as  follows: 


The  equation  for  element  equilibrium  is: 


[BfadV-f  =0 


Internal  External 
Forces  Forces 


(16) 
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A  scries  of  substitutions  from  the  deviations  given  above  p.  educes  the  following: 


^  BT  D*1  [e  -  eaj  dV  -  f = 0 


B1^  edV-  BT]>  eadV-f=0 


I  u  dV  -  f  fea)  -  f  =  0 


The  last  equation  requires  iteration  and  convergence  to  reach  a  solution.  Convergence 
requires  the  residual  vector  in  the  following  equation  to  be  reduced  to  zero  within  tolerances. 


Kn  un  -  f  (e“)  -  f  =  r 


when 


Residual  Vector 


r  =  0 


then  the  iterations  have  converged  to  the  desired  solution. 

This  formulation  is  different  than  the  Cauchy  and  Green  formulations,  but  shares  the 
stress-path  independence  of  the  material  properties  and  the  fact  that  no  clastic  energy  is  generated 
on  loading  and  unloading  with  them.  It  has  the  advantage  of  using  the  material  coefficients 
(ki .  k2»  ^3)  with  which  soils  and  pavement  engineers  are  familiar  and  have  broad  experience. 
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Example  No.  2:  Hypo  Elastic  Formulation 


One  of  the  problems  with  a  resilient,  elastic  dilatancy,  or  hyperelastic  secant  modulus 
formulation  when  used  with  plasticity  to  represent  permanent  deformation  or  rutting  is  that  when 
granular  materials  are  represented  with  friction  angles  above  30  degrees,  instability  is  found  in  the 
convergence  process. 

In  order  to  overcome  this  difficulty,  a  hypoelastic  formulation  may  be  used  to  allow  for 
both  resilient  and  inelastic  or  plastic  behavior.  The  seven  material  constants  for  a  Grade  One 
hypoelastic  model  may  all  be  found  using  conventional  triaxial  tests.  The  stiffness  matrix  used  in  a 
finite  element  program  is  non-symmetric  and  this  results  in  relatively  higher  computational  efforts. 

Using  data  from  several  tests  by  Allen  [9],  the  graphs  in  Figures  4, 5  and  6  were  developed 
to  illustrate  how  accurately  a  Grade  One  hypoelastic  formulation  represents  the  material  response  as 
compared  with  the  ki  -  ks  resilient,  elastic  dilatancy  method.  Although  the  resilient,  elastic 
dilatancy  model  appears  to  fit  the  data  somewhat  better,  the  hypoelastic  has  advantages  in  the  stable 
convergence  of  numerical  computations.  In  making  a  decision  between  the  two  approaches,  the 
better  converge,nce  capability  of  the  hypoelastic  formulation  will  vay  likely  prove  to  be  the 
determining  factor. 
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Figure  4a.  Comparison  of  Moduli  for  the  Resilient  Elastic  Dilatancy 
Mode1  and  the  Hypoelastic  Model 


Figure  4b.  Comparison  of  Poisson's  Ratio  for  the  Resilient  Elastic 
Dilatancy  Modal  and  the  Hypoelastic  Modal 
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Figure  6a.  Comparison  of  Moduli  for  the  Resilient  Elastic  Dliatancy 
Model  and  the  Hypoelastlc  Model 
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Figure  6b.  Comparison  of  Poisson's  Ratio  for  the  Resilient  Elastic 
Dliatancy  Modal  and  Dta  Hypoelastlc  Modal 
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Example  No.  3:  Reduced  Modulus  Due  to  Microcracking 

The  third  and  final  example  is  the  formulation  of  a  materials  model  which  is  compatible 
with  a  finite  element  continuum  formulation  and,  at  the  same  time,  satisfies  the  requirements  of 
accurately  representing  the  material  response.  In  the  reduced  modulus  approach,  two  straps. 
Nos.  1  and  2  (illustrated  in  Figure  7)  are  arranged  to  store  the  same  strain  energy. 

a  a 


Strap  no*  1  Strap  no.  2 

Figure  7.  Reduced  Modulus  Due  to  Microcracking 


Strap  No.  1  has  a  modulus  of  Band  a  crack  in  it  of  length,  2c,  whereas  Strap  No.  2  has  an 
equivalent  modulus  of  E'  and  no  crack.  The  strain  energy,  U,  Strap  No.  1  is  redistributed  as  a 
result  of  the  formation  of  tbc  crack. 


U«  J^b&-2xc2*^-*t+4r  ct 
2  t  £ 


i _ _  _i  i _ i 

Strain  Released 


Stored 


Energy 


(20) 
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where 


t  =  thickness  of  the  strap 

T  -  surface  energy  storage  density. 

The  strain  energy  in  Strap  No.  2  is 

u=4^hlSt  (21) 

2E 

where 


=  the  reduced  modulus 


Using  the  fact  that  tcJic  =  2  T  and  Jic  is  the  critical  J-Integral  value  above  which  the  crack 
propagates  in  an  unstable  manner,  some  algebra  results  in  the  following  expression  for  one  crack 


E=E 


JL 


l+2»(-b)  c[2Jfc/Ee2].c| 
bfl 


(22) 


If,  instead  of  one  crack,  there  are  n  microcracks  within  the  area  of  the  strap,  and  n|  is  the 
number  of  cracks  of  length,  q,  then  the  ratio,  nj/n  is  the  probability  of  having  a  crack  of  length,  q, 


SUp(ej) 


(23) 


The  reduced  modulus  in  this  case  becomes 


(24) 


Damage  Function 


where 
.n 


<5> 

Pi(C5 


die  microcrack  density 

DC  DC 

tlupiol>Miiyoftaviiigacrackof!eiigtbbetwea)Cj-~^andci+-j- 
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Jlc 


as  the  number  of  crack  length  increments 
=  the  critical  J-Integral  of  the  material. 


The  microcrack  density  will  be  a  function  of  the  maximum  strain  experienced  by  the 
material  within  the  strap  (or  finite  element)  and  be  of  the  form 

=  fexux  '  €o)q 

bfl 


(25) 


where  q  is  greater  than  2.  The  shape  of  this  function  is  illustrated  in  Figure  8.  The  tenn  Eq 
is  a  threshold  strain  below  which  no  microcracks  form  and  no  damage  is  done  to  the  material 

Microcracks  will  be  of  various  sizes,  resulting  in  p(cj)  being  a  probability  density  function 
which  changes  as  the  cracks  grow  with  repeated  loads.  This  is  illustrated  in  Figure  9. 

If  the  crack  length  distribution  follows  a  Weibull  distribution  with  parameters  X  and  y  so 
that  the  probability  density  function  is 


p  (c)  =  Xy&cr1  exp  [  -  (Xc)*| 

then  the  J-Integral  fra-  the  mean  crack  length,  c,  when  the  microcracks  range  in  size 
between  0  and  Cmu  is 

cp  (c)dc 


(26) 


(27) 


Here  the  J-Integral  is  defined  as 

^  (Dissipated  Energy  per  Load  Cycle) 
~~~ '  ~  .  _ 

*dN 


Jl(2) 


(28) 


The  dissipated  energy  per  load  cycle  is  the  area  enclosed  by  the  load-displacement  curve 
with  each  load  cycle;  t  is  the  thickness  of  the  test  sample;  and  c  is  the  mean  miciocrack  length. 
When  the  expression  for  Jj  (c)  is  integrated  it  gives 


(29) 


lU 


MICROCRACK 

DENSITY 


EXPONENT  >  2 


Figure  8,  Relation  of  Microcrack  Density  to  Maximum  Strain,  emax 


Ci 

MICROCRACK  LENGTH 

Figure  9.  Change  of  Probability  Density  Function  as  Crack  Lengths  Grow 
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and  Ji  (c)=pEe2c) 


where 

ro+j) 

Iui[(Xc0)11 


=  the  Gamma  function  with  argument  1 + -• 


=  the  incomplete  Gamma  function  of  order  (1  +  -) 

Y 

and  with  argument  X(cmax)^ 


If  the  rate  of  change  of  dissipated  energy  per  load  cycle  is  a  constant,  p,  and  if  a  visible 
crack  begins  to  propagate  when  the  maximum  microcrack  length  reaches  Co,  then  the  number  of 
load  cycles  required  to  start  crack  propagation  is  Nj  and  is  equal  to 


Ni-tLi£2ICo 


where 


(30) 


I1(c0)  =  jcHe2c0 


Co  =  the  mean  microcrack  length  when  the  maximum  microcrack  length  is  Co- 
r<1  +  T)  1 

Co - — It + *  l(Xc  0)Y] 

X  V 


(31) 


The  equations  given  above  establish  the  fact  that  the  number  of  load  cycles  to  “crack 
initiation"  is  dependent  on  the  JMntegral  of  the  mean  microcmek  length.  The  damage  function  by 
which  the  reduced  modulus  £'  is  related  to  the  modulus  of  the  intact  material,  H,  also  depends  upon 
the  J-Imegral  of  the  individual  miarocracks,  and  ultimately  upon  the  length  of  the  cracks  and  the 
number  of  load  repetitions.  The  damage  function  for  the  reduced  modulus  is: 


r^D» 


(32) 


where 


D„  +  2* 
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Integration  of  the  equation  for  D**  gives: 


The  equation  for  the  mean  microcrack  length  has  been  given  previously  whereas  the 
equation  for  the  expected  value  of  the  square  of  the  microcrack  length  is: 

r  x  y  (34. 

The  symbols  for  the  Gamma  function,  ["( ),  and  the  incomplete  Gamma  function,  Ij.  ( ), 
have  been  defined  previously. 

Making  use  of  the  Paris-Erdogan  law  [10]  for  the  growth  of  the  mean  crack  length  gives: 

5. 

where 

A,  n  » the  fracture  properties  of  the  material  in  which  the  crack  grows 

This,  together  with  an  expression  for  (c2 ),  may  be  substituted  into  the  equation  forDxx  to 
give  the  damage  function  in  terms  of  the  microcrack  density  (~)thc  fracture  properties  of  the 

medium,  A,  n,  and  Jic  and  the  number  of  load  cycles,  N.  The  term  (c2  )may  be  expressed  as  a 
function  of  A,  n,  E,  c,  and  N  by  first  determining  the  ratio  of  (c2)  to  (c) 

Ratio  ss  C~  ss  -* — ~ — —— - — — 3L 
c  Xh.tKXWJfa+J-) 

1  (36; 

Then  the  ratio  may  be  multiplied  by  the  expression  for  c  to  give  the  desired  equation  for 
(c2).  The  variance  of  the  microcrack  length  is  var  (c)  «  (c2)  -  (c)2 
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MICROCRACK  DAMAGE  FUNCTION 


t  mix 


Figure  10.  Schematic  illustration  of  a  Microcrack  Damage  Function 


The  resulting  damage  function  appears  as  shown  in  Figure  3.0.  A  non-linear  search 
technique  applied  to  the  laboratory  records  of  deflection  and  dissipated  records  per  load  cycle  in  a 
fatigue  test  can  be  used  to  determine  the  Weibull  coefficients,  X  and  y,  as  well  as  the  fracture 
properties  A,  n,  and  Jtc,  and  the  microcrack  density  and  the  maximum  microcrack  length,  Cmax* 
Only  the  latter  will  vary  with  the  number  of  load  repetitions,  while  the  microcrack  density  will  vary 
with  location  within  the  test  sample. 

Applying  the  reduced  modulus  model  of  microcrack  damage  to  finite  elements  is  a  simple 
matter  once  die  fracture  properties  A,  n,  and  J  |  c,  and  the  intact  modulus  of  the  material,  E,  are 
input  As  the  number  of  load  repetitions  increase,  the  damage  will  also  increase  and  the  modulus 
for  each  finite  element  will  be  reduced  accordingly. 


The  shear  modulus  is  also  reduced  by  the  presence  of  the  same  crack  as  illustrated  in 
Figure  7.  Following  the  same  procedure  as  before,  a  reduction  in  shear  modulus,  G,  is  determined 


to: 


(37) 


for  one  crack  and  the  same  formulation  holds  for  a  distribution  of  mtcrocracks  with  the 
exception  of  the  following  substitutions. 


Jjjp  »  critical  shearing  mode  J-Integral 

G  as  intact  shear  modulus 

y  »  shcarsuain 

The  same  expressions  as  before  for  the  mean  and  expected  value  of  the  square  of  the 
mhrocrack  length  also  hold  for  the  shear  modulus  damage  function,  the  altered  Poisson's  ratio  of 
the  damaged  material  may  be  determined  feoca: 
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The  element  elasticity  matrix  is  for  a  plane  strain  condition  and  is  written  as: 


E’(l-v) 

G  +  v)(l  +  2v) 


0 


l  —  v' 
f>y  0 

0 

2a-v')_ 


(39) 


using  the  reduced  modulus  and  altered  Poisson’s  ratio.  The  net  effect  of  distributed, 
oriented  microcracks  on  the  properties  of  a  finite  element  are  to  reduce  the  modulus  with  load 
repetitions  and  strain  level,  and  to  induce  anisotropy.  The  modulus  in  the  direction  parallel  to  the 
crack  will  remain  unaltered  so  that  the  modulus  reduction  term,  fxx,'  is  in  fact,  the  reciprocal  of  fxy. 


5.  Conclusion 

The  constitutive  representation  of  material  properties  for  modem  airport  pavement  analysis 
and  design  must  be  chosen  astutely  to  meet  several  criteria: 

a.  Accuracy  in  describu  the  material  response; 

b.  Compatibility  with  a  selected  numerical  computational  scheme; 

c.  Favorable  convergence  and  stability  characteristics;  and 

d.  Ability  to  extract  the  needed  material  property  parameters  from  consistent  and  repeatable 
tests. 

The  material  properties  needed  are  the  resilient,  dihtant. .  asdc,  and  fracture  properties. 
Examples  are  given  to  illustrate  the  way  that  a  resilient,  elastic  dilatant  material  can  be  represented 
in  an  iterative  FE  method,  and  also  bow  accurately  the  actual  material  response  can  be  predicted. 

An  alternative  formulation  using  a  Grade  One  hypoelastic  model  was  presented  as  an  alternative  to 
demonstrate  the  kind  of  decisions  that  must  be  made  in  developing  constitutive  models  of  pavement 
materials.  Advantages  and  disadvantages  of  each  constitutive  relation  were  compared  to  illustrate 
the  kind  of  criteria  that  must  be  used  in  arriving  at  a  decision.  Another  example  shows  how 
microcracking  damage  may  be  represented  in  a  finite  element  program  and,  at  the  same  time,  permit 
an  inteipretation  of  laboratory  test  data  to  produce  the  needed  material  properties.  The  damage 
function  was  shown  to  be  dependent  upon  the  strain  I  tel,  the  maximum  strain  level  experienced, 
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the  fracture  properties  of  the  materia].,  the  Young’s  and  Shear  modulus  of  the  material,  the  Weibull 
distribution  parameters,  and  the  range  of  sizes  of  microcracks.  Oriented  microcracks  induce 
anisotropy  in  the  material  This  approach  to  nricrocracking  damage  is  based  on  making  an 
accounting  of  all  of  the  energy  stored  or  dissipated  during  the  growth  of  the  microcracks.  The 
approach  makes  it  possible  to  estimate  the  number  of  load  cycles  to  reach  “crack  initiation.” 

All  of  this  adds  up  a  need  to  carefully  compose  and  select  the  material  property  constitutive 
relationships  that  are  used  in  pavement  analysis  and  desip.  The  principles  of  mechanics  will  need 
to  be  relied  on  even  more  in  the  future  than  they  have  been  in  the  past  The  speed  and  power  of 
present  and  future  microcomputers,  and  the  incredible  efficiency  available  in  using  mechanistic 
relations  to  extrapolate  from  known  data  to  other  cases  m  which  little  is  known  make  it  too 
important  to  do  otherwise. 
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7.  List  of  Symbols 


s 

- 

surface 

B 

= 

base 

SB 

= 

subbase 

SG 

= 

subgrade 

K 

= 

bulk  modulus 

G 

= 

shear  modulus 

E 

= 

Young’s  modulus 

V 

ss 

Poisson’s  ration 

h 

= 

Erst  stress  invariant 

A 

e 

second  dcviatoric  stress  invariant 

ki.  k2,  ka,  k4,  ks  =  constants,  material  coefficients 
ui,  U2  =  functions  of  Jj,  J2,k's 
B()  a  the  incomplete  Beta  function 
£ft  =  radial  normal  strain  and  stress  respectively 
£z>  Oz  -  vertical  strain  and  stress  respectively 
e&Oz  »  tangential  normal  strain  and  stress  respectively 
»  shear  strain  and  stress  respectively 
a(o)  =  function  of  stress 
K°  =  stiffness  matrix  time  step  n 


n  =  time  step 

un 

~  =  displacement  vector,  time  step  n 

f 

i  =  external  force  vector 

I  =  residual  vector 

V  =  volume 

B  -  interpolation  functions  for  strains 

cr 

-  =  stress  vector 

e  _• 

~  =  strain  vector 

DM,  O  =  material  constitutive  matrices 
|X  =  dilatancy  parameter 

c  a  crack  length 

E*  =  equivalent  modulus 

U  =  strain  energy 

b,  1,  t  s  specimen  width,  length,  thickness,  respectively 

r  -  surface  energy  storage  density 

Jlc  8  critical  J-intcgral  value 

n  »  ntmtberofmicrocracks 

Pi(C)  8  probability  mass  function 

k  8  number  of  crack  length  increments 

q  8  constant 
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c  =  mean  crack  length 

Cniax  =  maximum  crack  length 

X,  y  =  Weibull  distribution  parameters 

P  =  rate  of  change  of  dissipated  energy  per  load  cycle 

A,  n  =  fracture  properties 

F()  =  Gamma  function 

Ir( )  =  incomplete  Gamma  function,  order  r 

var  ( )  »  variance 

E()  =  expected  value 

G'  =  reduced  shear  modulus 

JHc  =  critical  shearing  mode  J-integral 

y  «»  sliear  strain 

fxx.  Dxx  =  reduction  and  damage  function,  mode  I 

fxy.  D*y  -  reduction  and  damage  function,  mode  II 
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Thermoviscoelastic  Analysis  of  Pavements 
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1.  Thermoviscoelastic  Analysis  of  Pavements 


1.1  Introduction 

In  design  and  rehabilitation  of  pavements,  it  is  necessary  to  evaluate  damage  due  to  traffic 
loading  and  environmental  conditions.  Damage  in  multilayered  asphalt  pavements  could  be  of 
various  types,  namely  transverse  and  longitudinal  cracking,  delamination,  rutting  and  degradation 
of  material  properties.  Computation  of  stresses  and  strains  is  essential  for  the  evaluation  of 
damage.  In  the  present  work,  analysis  of  stresses  due  to  the  effect  of  temperature  has  been 
considered. 

The  stresses  in  the  surface  layer  could  be  severe,  as  it  is  subjected  to  a  wider  range  of 
temperatures  compared  to  the  underlying  layers.  Also,  since  the  asphaltic  top  layer  is  a  rheological 
material,  the  stresses  are  functions  of  both  loading  and  time.  These  stresses  could  cause  damage 
due  to  cracking,  especially  at  low  temperatures  during  winter  or  due  to  thermal  fatigue  as  the 
pavement  is  subjected  to  cyclic  variation  of  temperature.  Also,  delamination  can  occur  due  to  the 
multilayered  nature  of  pavements  and  the  resulting  mismatch  in  thermal  properties  of  adjacent 
layers. 

Since  pavements  are  layered  systems,  the  temperature  variations  give  rise  to  complex 
stresses  in  the  system  which  can  be  evaluated  only  through  numerical  methods  such  as  finite 
element  analysis.  Although  a  three-dimensional  analysis  is  desirable,  it  is  complex  and  time 
consuming.  Hence,  as  a  primary  step,  two-dimensional  analyses  with  and  without  temperature 
gradients  have  been  performed  in  this  investigation.  In  addition,  the  effect  of  physical  hardening 
of  asphalt  layer  on  thermal  stress  has  been  evaluated  in  this  investigation. 
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2.  Analytical  Model 


2.1  Review 

The  pavement  is  modeled  as  a  single  layered  slab  of  linear  viscoelastic  material  resting  on  a 
rigid  base  (Figure  2*1).  The  slab  is  6  inches  thick  and  extends  to  infinity  in  transverse  and 
longitudinal  directions.  The  material  is  assumed  to  be  homogeneous  and  isotropic  in  nature. 

In  order  to  compute  the  stresses  as  a  function  of  time,  it  is  required  to  have  a  knowledge  of 
the  appropriate  constitutive  equations  governing  the  behavior  of  the  material.  For  any  given  thermal 
history,  stresses  could  be  computed  with  the  knowledge  of  these  properties  along  with  the  thermal 
conductivity  and  thermal  expansion  properties  of  the  material. 

The  computation  of  thermal  stresses  is  accomplished  in  two  steps,  namely  calculation  of 
transient  temperature  distribution  and  subsequent  computation  of  thermal  stresses  for  the  given 
boundary  constraints. 


Figure  2-1.  Analytical  Modal 
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2.2  Computation  of  Temperature  Distribution 


The  computation  of  the  temperature  distribution  is  achieved  by  solving  the  transient  thermal 
conductivity  equation. 

VJT(xk.t)  =  (1) 

where 

k  =  thermal  diffusivity 

k  s  thermal  conductivity 

T  =  temperature 

t  =  time 

xk  8  position  coordinate 

However,  if  it  is  assumed  that  temperature  does  not  vary  with  depth,  which  is  possible 
when  the  rate  of  change  of  temperature  at  the  surface  is  very  low,  the  above  equation  need  not  be 
applied. 

2.3  Computation  of  Thermal  Stresses 

For  simple  problems,  the  stresses  could  be  evaluated  in  closed  form.  However,  for 
complex  problems  numerical  methods  have  to  be  adopted. 
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3.  Constitutive  Equations 


3.1  Review 

For  a  general  three  dimensional  linear  viscoelastic  material  in  isothermal  conditions,  the 
constitutive  relations  are  given  by  Equations  (2)  and  (3)  [1]. 

a.  Shear 


S(j(xit,o = 2  Ig(w')  at' 


where 


(2) 


Sjj  =  deviatoric  stress 

G  *  shear  relaxation  modulus 

C|j  -  deviatoric  strain 

xt  »  position  coordinate 

b.  Dilation 

Sii(xk,t)*3Kcii(xk,t)  (3) 

where 

*  hydrostatic  stress 

*  hydrostatic  strain 

K  «  bulk  modulus  (assumed  to  be  non-relaxing) 

For  a  case  where  temperature  changes  are  involved,  the  above  equations  are  modified  as 
shown  below  [1J; 

c.  Shear 

Si,(xfcx)  -  2  Jg(x-x') dx'  (4) 
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d.  Dilation 


T 

Sjj(xk,x)  =  3K[eii(xk.x)  -  3  facndr] 

T0 

or 

SjjfxktX)  =  3K[eii(xk,x)  -  3*011*  -  T0i]  (5) 

where 

1  T 

T*(xic,t)  is  pseudo  temperature =— ^fa(T)dr 

a  =  temperature  dependent  coefficient  of  thermal  expansion 
T0  =  reference  temperature  for  computing  thermal  strains 
8q  =  coefficient  of  thermal  expansion  at  T0 

If  a  is  independent  of  temperature,  which  is  the  case  in  present  investigation.  Equation  (5) 
can  be  written  as 

su(xk,x)  -  3K[eil(xk.x)  -  3»(T  -  T0j]  (6) 

The  variable  x  is  the  reduced  time,  related  to  the  shift  factor  by  the  following  intend. 

t 

p) 

The  shiftfactor  is  assumed  to  be  of  the  form  shown  below  f2]: 

(8) 

where 

H  =  activation  energy  of  the  viscoclisticproccss 
R  =  universal  gas  constant 
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In  the  form  shown  above,  the  shift  factor  is  assumed  to  be  a  function  of  temperature  alone. 
This  assumption  is  valid  when  the  material  is  in  liquid  state  or  glassy  state.  However,  materials  like 
asphalt  have  a  transition  region  and  exhibit  structural  relaxation  (physical  hardening).  Hence,  the 
above  assumption  is  no  longer  valid  and  shift  factor  has  to  be  a  function  of  structural  relaxation 
also.  This  is  explained  in  detail  in  Appendix  A. 

When  the  physical  hardening  is  taken  into  consideration,  the  shift  factor  is  written  as 
H_  i  1  H.  1  i 

In aT=  r  ^T^*T  )  +  T~ )  (9) 

where 

Hg  =  activation  energy  governing  the  glassy  change 

Hs  »  activation  energy  governing  the  structural  change. 

Also,  HaHg  +  Hs 

where  H  is  total  activation  energy. 
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4.  Analysis  and  Results 


4.1  Review 

For  die  present  problem,  the  viscoelastic  material  is  represented  by  a  generalized  Maxwell 
model  (Figure  4-1).  The  relaxation  modulus  for  such  a  model  is  represented  by  a  Prony  series.  The 
data  points  and  the  curve  fitted  using  a  Prony  series  of  nine  elelments  is  shown  in  Figure  4-2.  The 
plot  for  shift  factor  is  shown  in  Figure  4-3.  While  considering  physical  hardening,  it  is  assumed 
that  the  activation  energy  is  equally  divided  between  glassy  and  structural  changes. 

A  variety  of  models  that  have  been  considered  are  explained  below. 


4.2  Uniaxial  Restrained  Bar 

The  foremost  and  the  simplest  model  considered  is  a  uniaxial  bar,  which  is  restrained  in  the 
axial  direction.  This  is  considered  in  order  to  get  a  basic  understanding  of  the  response  of  the 
viscoelastic  material  to  thermal  loadings. 


The  stress-strain  relation  far  the  uniaxial  case  can  be  written  as 
x 

(10) 

where 

E  =  tensile  relaxation  modulus  and 

eM*  =  thermal  strain  *a(T-TQ) 

Since  the  bar  is  assumed  to  be  completely  restrained,  e  is  zero.  Hence,  with  the  knowledge 
of  the  thermal  history  and  the  shift  factor,  the  above  equation  allows  us  to  compute  the  thermal 
stress  by  using  a  simple  numerical  integration  scheme  (4J.  The  reference  u^n^eraiuro  for  thermal 
strain  and  stress  calculations  is  arbitrarily  chorea  to  be  44  op. 
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Figure  4-1.  Generalized  Maxwell  Model 
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SHIFT  FACTOR 


Figure  4-3.  Shift  Factor 


a.  Response  to  a  single  thermal  cycle:  The  temperature  of  the  bar  is  dropped  from  44  °F 
to  26  °F  at  the  rate  of  1  °F  and  then  increased  back  to  44  °F  at  the  same  rate  (Figure 
4-4).  The  stress  response  of  the  bar  to  this  thermal  load  is  shown  in  Figure  4-5.  As  the 
temperature  is  dropped,  a  tensile  stress  is  developed  in  the  bar.  As  temperature  is 
increased,  a  compressive  stress  develops  and  at  44  °F  we  have  some  compressive 
stress  left  in  the  bar.  This  relaxes  slowly  to  zero  as  time  passes,  as  shown  in  the  figure. 

b.  Effect  of  rate  of  cooling:  A  comparison  of  responses  is  made  to  different  rates  of 
cooling.  In  one  case,  the  bar  is  cooled  at  the  rate  of  1  °F  (solid  line  in  Figure  4-6)  and 
in  the  other  case  at  the  rate  of  2  °F  (dotted  line  in  Figure  4-6).  The  responses  are  shown 
in  Figure  4-7.  As  it  can  be  seen,  higher  the  rate  of  cooling,  higher  the  stress  developed. 
Hence,  rate  of  change  of  temperature  could  be  a  significant  factor  in  producing  stresses. 

c .  Cyclic  variation  of  temperature:  The  model  is  subjected  to  a  cyclic  variation  of 
temperature,  with  a  constant  amplitude  (Figure  4-9)  The  stress  response  is  shown  in 
Figure  10.  During  the  first  cycle,  a  high  tensile  stress  and  a  low  compressive  stress  are 
observed.  But,  as  number  of  cycles  increases,  the  tensile  stress  decreases  to  a  lower 
value. 


4.3  Slab 

The  other  problem  considered  is  that  of  a  linearly  viscoelastic  slab  resting  on  a  rigid  base. 
The  slab  is  analyzed  both  with  and  without  temperature  gradient  along  depth.  It  is  assumed  that 
there  is  no  thermal  gradient  present  in  the  horizontal  plane. 

The  problem  without  temperature  gradient  would  take  less  time  for  anaylsis,  compared  to 
the  case  with  temperatue  gradient  since  the  former  is  the  simpler  of  the  two  and  does  not  involve 
application  of  conductivity  equation.  Also  in  the  former  case  compulsion  of  stresses  at  different 
depths  need  not  be  computed.  This  could  be  useful  to  get  an  understanding  of  the  long-term 
response  and  for  damage  calculations.  However,  it  is  more  realistic  to  assume  thermal  gradients 
since  the  presence  of  gradients  could  increase  the  stresses  due  to  the  viscoelastic  nature  of  the 
pavement 

Also,  the  above  mentioned  model  is  analyzed  by  including  the  effect  of  physical  hardening. 
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The  finite  element  package  ANSYS  has  been  used  for  this  purpose  [5, 6].  A  2-dimensional 
4-node  isoparametric  viscoelastic  element  (Stif  88)  is  used.  The  problem  is  considered  to  be  of 
plane  strain  type,  and  deflection  in  horizontal  direction  is  constrained. 

a.  Response  to  a  single  thermal  cycle:  The  same  cycle  used  in  the  case  of  restrained  bar 
(Figure  4-4)  is  applied  on  slab,  neglecting  the  thermal  gradient  The  response  is  shown 
by  dotted  line  in  Figure  4-10.  The  stress  in  this  case  is  clearly  higher  than  the  one 
developed  in  the  bar.  Also,  the  solid  line  shows  the  response  when  the  physical 
hardening  is  taken  into  account 

b.  Response  to  measured  daily  temperatures:  The  actual  temperature  history  measured  in 
the  field  at  Washington,  D.C.  during  a  typical  winter  season  is  applied  on  the  slab 
(Figure  4-1 1).  These  were  the  temperatures  measured  during  the  period  Jan.  16  to  Jan. 
27.  The  solid  line  shows  the  temperatures  measured  on  the  surface  and  the  dashed  line 
shows  the  temperatures  at  a  depth  of  3  inches.  For  the  case  where  temperature  gradient 
is  neglected,  it  is  assumed  that  the  whole  pavement  is  at  the  temperature  measured  at  the 
surface.  Figure  4-12  shows  the  reponse  of  the  pavement  when  there  is  no  gradient. 
Figure  4-13  shows  the  stress  response  of  a  pavement  at  surface  when  gradient  along 
depth  is  considered.  Figure  4-14  shows  the  stress  response  at  a  depth  of  3  inches.  In 
addition,  the  stress  history  with  physical  aging  included  is  shown  in  Figure  4-15  (at 
surface)  and  Figure  4-16  at  a  depth  of  3  inches. 

It  can  be  noticed  that  stresses  are  the  highest  when  the  physical  hardening  is  considered 
on  a  pavement  with  thermal  gradient  along  depth. 

c.  Reponse  for  a  complete  yean  For  the  case  of  no  temperature  gradient,  the  analysis  is 
carried  out  for  a  temperature  history  spanning  a  whole  year,  starting  from  June  21.  The 
reference  temperature  is  chosen  to  be  70°F,  which  is  also  the  starling  temperature.  The 
temperature  plots  and  the  corresponding  stress  responses  for  a  few  months  ire  shown 
in  Figures  4-17  and  4-24. 
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4.4  Conclusions 


The  stresses  are  considerably  higher  when  the  temperature  gradient  is  taken  into  account 
This  could  be  due  to  the  bending  stresses  induced  due  to  temperature  gradient  Also,  while  cooling 
the  surface  would  be  stiffer  compand  to  the  interior  region.  Hence  there  would  be  a  gradient  in  the 
modulus.  This  could  be  another  reason  for  higher  stresses  on  the  surface.  Also,  physical  hardening 
contributes  considerably  to  the  stress  response. 
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6.  Appendix  A 


When  the  temperature  of  a  material  is  changed  in  the  liquid  state,  it  attains  equilibrium 
structure  almost  instantaneously.  When  it  is  in  glassy  state,  the  relaxation  is  so  slow  that  it  takes 
infinite  time  to  reach  equilibrium  state.  Hence,  it  can  be  assumed  that  in  the  glassy  and  the  liquid 
states,  the  structural  changes  are  functions  of  temperature  only  and  for  all  practical  purposes  are 
independent  of  time.  However,  in  the  transition  region  the  structural  changes  are  functions  of  both 
temperature  and  time.  In  the  transition  region,  the  volume  V(t)  relaxes  towards  equilibrium  value  in 
finite  time. 


The  normalized  response  of  volume  change,  (t)  to  a  step  change  in  temperature  from 

Tj  to  T2  could  be  written  as  [3] 


Mv  (t)  - 


(V(t)  -  V2  J  Tf(t)  -  T2 


<V2,0  -  V  ) 


Tl-T2 


(A.l) 


Here,  the  subscripts  0  and  •  denote  the  instantaneous  and  the  long-time  volumes  upon 
changing  the  temperature.  Mv  is  normalized  to  1  at  t  =  0,  and  0  when  t  =  •.  Here,  the  fictive 
temperature  Tf ,  introduced  by  Tool  [2],  defines  the  structural  state  that  exists  in  the  material  at  any 

time.  Tool  defined  fictive  temperature  as  the  actual  temperature  of  an  equilibrium  state  that 
corresponds  to  the  given  nonequilibrium  state.  It  is  obtained  by  adding  the  change  of  temperature 
remembered  by  the  material  to  the  actual  temperature. 


Applying  Boltzmann's  superposition  principle,  tire  volume  at  any  time  due  to  an  arbitrary 
change  in  temperature  is  given  by  the  following  equation  [3]. 


V(t)  -  V(0) »  V(0)a,  (T  -  To)  -  V(0)  asJ  Mv  WO  •  dx' 


(A  .2) 


aj  is  the  coefficient  of  thermal  expansion  in  liquid  state. 

The  coefficient  a}  may  be  considered  as  the  sum  of  two  coefficients,  one  due  to  change  in 
temperature  (ag)  and  the  other  due  to  change  in  structure  (a^. 

8|  =  Ug  +  Us  (A.3) 
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However,  in  liquid  state  since  structural  changes  are  very  rapid,  only  aj  can  be  measured. 
This  is  given  by  the  slope  of  the  line  AB  in  Figure  A-l.  In  glassy  state,  there  is  no  structural 
change.  Hence,  as  =  0.  ag  is  given  by  the  slope  of  the  line  CD. 

Defining  the  Active  temperature  Tf  by  the  following  memory  integral  [3]. 

x(T(j) 

Tf  (x)  =  T  -  f  M v  [x(t)  -  x( O]  dx*  (A.4) 

xA 

and  substituting  Equations  (9)  and  (10)  in  Equation  (8)  gives 

V(t)  -  V(0:  =  V(0)  [  a,  (Tf  -  T0 )  +  ag  (T  -  Tf )]  (A.5) 

In  liquid  state,  relaxation  is  very  rapid  and  the  fictive  temperature  is  always  equal  to  the 
actual  temperature.  In  this  region,  Mv  =  0.  If  the  material  is  quenched  from  an  initial  temperature 
To  to  a  final  temperature  T  below  transition  range,  Mv  =  1  and  Tf  =  Tq. 
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Volume  V 


A 


Figure  A-l.  Structural  Changes  (Liquid  State) 
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7.  List  of  Symbols 


K  a*  thermal  diffusivity 

h  ss  thickness 

k  -  thermal  conductivity 

K  =  bulk  modulus  (assumed  to  be  non-relaxing) 

T  =  temperature 

Tj  =  temperature  at  step  i 

t  =  time 

xk  a  position  coordinate 

Siij  =  deviatoric  stress 

G  »  shear  relaxation  modulus 

Cy  «  deviatoric  strain 

%  a  position  coordinate 

Gy  »  hydrostatic  stress 

£y  »  hydrostatic  strain 

a  «  temperature  dependent  coefficient  of  thermal  expansion 

Tq  a  reference  temperature  for  aanputing  thermal  strains 

oto  »  coefficient  of  thermal  expansion  at  T0 

Oj  a  coefficient  of  thermal  expansion  in  liquid  state 

ag  =  coefficient  of  thermal  expansion  due  to  change  in  temperature 


as  =  coefficient  of  thermal  expansion  due  to  change  in  structure 

H  =  activation  energy  of  the  viscoelastic  process 

R  =  universal  gas  constant 

Hg  =  activation  energy  governing  the  glassy  change 

Hs  =  activation  energy  governing  the  structural  change 

E  =  tensile  relaxation  modulus  and 

6th  as  thermal  strain  =  a  (T  -  Tq) 

v  =  volume 

My  as  normalized  response  of  volume  change 
Tf  =  Active  temperature 

4  -  reduced  time 
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FAA  Unified  Pavement  Analysis  3-D 
Finite  Element  Method 


S.  J.  Kokklns.  P.  E. 


Foster-Miner,  Inc. 


1.  introduction 


1 .1  Background 

The  airport  system  of  the  United  States  is  a  cornerstone  of  our  transportation  network. 
Every  year,  system  demands  exceed  capacity  in  many  areas.  The  capability  of  our  airports  to 
continually  accommodate  more  operations  for  larger  and  heavier  aircraft  is  certainly  one  of  the 
crucial  ingredients  in  meeting  these  demands. 

At  the  same  time,  in  common  with  all  other  elements  of  our  transportation  infrastructure, 
the  airport  system  must  function  at  levels  of  safety  and  cost-effective  operation  not  envisioned 
decades  ago.  The  design  and  maintenance  of  the  airport  pavements,  which  are  the  central  elements 
of  any  airport,  must  take  full  advantage  of  our  technical  ability  to  produce  long-lived  pavement 
systems  providing  maximum  benefit  -  dollar  and  non-dollar  -  to  the  airport  network.  This  is  the 
central  function  of  the  unified  pavement  design  and  analysis  method  being  proposed. 

Existing  theories  and  methods  used  for  the  analysis  and  design  of  pavement  structures 
have  several  limitations  related  to  the  characterization  of  material  properties,  the  variability  of 
material  properties  with  time  and  use,  and  the  underlying  assumptions  of  the  load  transfer  and 
deformation  functions. 

The  limitations  of  the  existing  pavement  analysis  and  design  methods  do  not  yet  provide  a 
model  capable  of  accurately  predicting  the  usefirt  life  of  airport  pavements.  This  includes  the 
prediction  of  pavement  performance  in  terms  of  distress  as  a  function  of  traffic  and  environmental 
loadings,  and  their  mutual  interaction.  The  evemialu»<ka  exist  be  sensitive  to  Uvtinidduiatcrral 
properties  and  must  respond  to  the  daily,  seasonal,  and  aging  variations  in  these  properties. 

Primarily,  the  unified  theory  must  provide  the  theoretical  foundation  for  the  prediction  of 
pavement  displacement  and  deflection  basin  profile  under  different  types  of  aircraft  as  well  as 
under  different  types  of  nondestructive  testing  devices.  The  pavement  evaluation  methodology 
should  include  the  ability  to  determine  pavemcai  properties  from  the  results  of  noudcaroctivc 
testing. 


Important  contributions  towards  improving  the  state  of  the  art  in  tIJs  area  can  be  made  from 
several  directions: 

a.  Better  analytical  modeling  of  pavement  systems  from  a  structural  point  of  view; 

b.  Improved  and  realistic  representation  of  material  properties  for  all  pavement  system 
elements,  interrelated  with  the  structural  approaches  above; 

c.  Systemization  of  the  vast  amounts  of  analytical,  statistical  and  test  data  that  are  now, 
and  will  be  available  in  the  future,  in  order  to  substantiate  the  relationships  between 
pavement  design  and  observed  response,  including  durability  and  failure  inodes;  and 

d.  Use  of  alternative  (i.e.,  nonmechanistic)  analogs  of  pavement  systems  to  achieve 
insight  into  important  response  or  failure  modes. 

This  program  approaches  the  need  for  a  unified  method  by  demonstrating  the  feasibility  of 
unified  analysis  built  around  the  use  of  modem  3-D  finite-element  structural  modeling.  These 
techniques  will  be  used  in  conjunction  with  a  highly  automated  system  of  pre-  and  post-  processing 
programs  specifically  designed  for  airport  pavement  configurations  and  integrating  essential 
parameters  governing  material  behavior.  Equally  important  is  that  this  approach  can  be  used  as  a 
continuing  framework  for  including  the  advances  in  structural  analysis,  material  science  and 
construction  methods  that  are  sure  to  occur  ova  the  duration  of  this  project. 

The  value  of  using  a  3-D  approach  should  be  emphasized,  since  many  of  the  essential 
characteristics  which  determine  usability  and  durability  of  pavement  systems  are  not  well 
represented  otherwise.  Adequate  representation  of  the  complex  moving  loads  from  large  aircraft 
landing  gear,  the  pavement  response  near  joints  or  failure  /ones,  including  local  areas  iA 
base/subbase  voids,  and  the  following  of  cracks  and  related  failure  in  lateral  as  well  as  vertical 
directions  are  only  a  few  strengths  of  a  3-D  approach.  Previously,  me  complexity  and  computer 
solution  time  required  for  representative  3-D  problems  discouraged  many  researchers,  but  today 
the  ability  to  efficiently  model  the  layered  system,  and  to  develop  a  highly  automated  solution 
procedure  to  eliminate  much  of  die  tedious  and  repetitive  effort  makes  this  a  potentially  very 
productive  and  flexible  method.  This  is  especially  true  when  the  great  increases  in  computational 
speed  on  the  new  generations  of  workstations  cow  in  development  are  considered. 


170 


The  development  of  any  unified  pavement  analysis  method  must  from  the  beginning 
consider  the  ongoing,  intensive  efforts  in  the  research  and  design  community  to  improve  our 
knowledge  of  material  behavior.  The  wide  range  of  materials  used  in  airport  pavement  systems 
and  the  complex  relationships  being  evaluated  for  their  structural  performance,  failure  and 
deterioration  govern  to  a  large  degree  the  development  process  of  such  a  method. 

1.2  Program  Accomplishments 

We  have  demonstrated  in  this  program  to  date  that  3-D  finite  element  (FE)  structural 
modeling  is  an  effective  and  practical  method  for  evaluating  the  response  of  airport  pavement 
systems,  and  that  it  can  form  the  basis  of  the  unified  pavement  analysis  method.  Although  the 
work  so  far  has  used  existing  analytical  tools,  similar  methods  tailored  to  the  needs  of  airport 
pavements,  together  with  appropriate  constitutive  material  relationships  and  modem  computer 
graphics  can  be  integrated  into  a  unified  pavement  analysis  system  using  3-D  FE  modeling. 

Accomplishments,  described  in  this  report,  include: 

a.  Demonstration  and  verification  of  the  solution  of  classical  pavement  problems  using 
3-D  FE  analysis; 

b.  Formulation  and  solution  of  a  range  of  practical  aircraft  losd  and  airport  pavement 
configurations,  showing  the  capabilities  of  these  methods; 

e.  Visualization  of  the  results  using  3-D  color  graphics; 

d,  Evaluation  of  two  fomos  of  nonlinear  soil  response;  and 

e.  Dcvelopmcms  in  the  constitutive  material  modeling  relationships  for  pavement 
materials,  suitable  for  inclusion  in  FE  solution  procedures. 

This  program  phase,  then,  shows  the  potential  and  direction  that  continuing  work  will  take 
in  the  actual  development  of  the  unified  pavement  response  model,  constitutive  material  properties 


and  lab  valid  atica. 


2.  Objectives 


2.1  General  Objectives 

A  primary  objective  of  the  overall  program  will  be  to  develop  a  response  oriented  structural 
model  suitable  for  a  wide  range  of  airport  pavement  system  types.  The  structural  model  will  be  a 
complete  system  of  programs  capable  of  rapid,  efficient  modeling  of  individual  pavement  systems 
including  loads  and  material  constitutive  relations.  This  will  form  a  common  analytical  framework 
to  be  used  for  all  pavement  configurations,  and  will  include  a  complete  range  of  materials  now  in 
use  and  proposed  for  the  future.  It  will  be  capable  of  incorporating  general  aircraft  tire  loading 
configurations  to  suit  existing  and  future  aircraft,  which  are  anticipated  to  increase  in  size  and 
severity,  lire  method  will  also  be  capable  of  incorporating  both  existing  construction 
configurations,  repair  or  overlay  configurations  and  also  be  suitable  for  investigators  to  develop 
new  configurations  possibly  incorporating  new  materials  such  as  fiber  concrete,  etc. 

An  important  part  of  the  development  of  the  unified  pavement  analysis  method  will  be  the 
incorporation  of  the  constitutive  material  properties  needed  for  each  dement  of  the  pavement 
system.  Besides  the  primary  structural  elements  of  reinforced  and  unreinforced  Portland  cement 
and  asphalt  concretes,  there  will  be  included  the  families  of  base,  subbase  and  subgrade  materials 
used  in  airport  construction.  In  the  new  procedures,  appropriate  failure  mechanisms  will  be 
incorporated  which  can  be  integrated  with  the  constitutive  properties  above  so  that  long-term 
pavement  behavior  may  be  predicted 

The  overall  response,  dicrefore,  will  include  not  only  the  immediate  structural  response  in 
terms  of  stresses,  strains  and  deflections  but  will  be  reflected  in  the  various  failure  inodes  for  the 
airport  pavements  including  permanent  settlements,  fatigue  damage,  rutting,  pumping  at  joints  and 
other  important  failure  modes. 

2.2  Specific  Objectives  for  this  Program  Phase 

A  primary  objective  here  is  to  present  examples  of  our  34)  finite  dement  approach  and 


demonstrate  the  potential  that  the  3-D  finite  element  approach  has  to  form  the  basis  of  the  Unified 
Analysis  Method. 


2.3  Work  Accomplished 

This  report  describes  work  completed  to  date  in  the  use  of  3-D  FE  methods  which  first 
demonstrate  the  applicability  to  classic  pavement  problems,  and  then  which  apply  the  method  to 
analysis  of  multi -wheel  gear  loadings  on  a  three-layer  pavement  system.  Also,  the  application  of 
3-D  FE  methods  in  verifying  earlier  3-D  work  is  shown,  which  included  comparisons  with  present 
day  2-D  and  other  simplified  methods  for  typical  pavement  problems.  In  this  section  is  shown,  as 
well,  the  ability  of  modem  3-D  FE  analysis  to  incorporate  some  nonlinear  material  properties  for 
subsurface  layers  in  the  analysis.  These  include  plasddty  and  resulting  permanent  settlements. 

A  study  was  also  conducted  comparing  the  response  effects  of  various  constitutive 
plasticity  models,  including  a  single-surface  continuous  hardening  model. 

Separate  work  was  also  performed  in  this  phase  of  the  contract  at  Texas  Transportation 
Institute  by  Dr.  Robert  Lytton  to  relate  pavement  failure  modes  to  the  constitutive  material 
properties  that  will  be  compatible  with  the  operational  modes  of  the  FE  analysis  technique. 

Finally,  recommendations  wilt  be  made  for  implementation  of  the  methods  proposed  here 
into  the  development  of  user  friendly  software  for  advanced  pavement  analysis. 
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3.  Background 


3.1  The  Advantages  of  the  3-D  Finite  Element  Method 

In  the  3-D  FE  method  the  problem  is  formulated  directly.  The  physical  configuration,  the 
material  properties  (in  simplified  form),  and  the  loading  pattern  are  all  represented  realistically. 
Naturally,  full  advantage  is  taken  of  common  techniques  such  as  symmetry  to  minimize  the  size  of 
the  model,  but  no  major  simplifying  structural  assumptions  need  be  made.  The  pavement  slab 
need  not  be  modeled  as  a  plate.  The  subbase  atop  soil  layers  need  not  be  modeled  by  springs  or 
liquids.  The  loading  and  the  physical  configuration  need  not  be  axisymmetric.  All  of  these 
features  allow  a  realistic  representation  of  the  airport  pavement  loading  problem. 

An  important  issue  to  be  addressed  in  the  3-D  FE  method,  as  it  is  applied  to  the  needs  of 
the  pavement  problem,  will  be  its  capability  to  handle  complex  material  constitutive  relations  and  to 
incorporate  the  appropriate  failure  mechanisms.  We  anticipate  that  standard  solution  techniques 
which  have  been  for  complex  problems  involving  plasticity  and  visco-plasticity  will  be  used, 
but  with  constitutive  material  behavior  appropriate  for  the  geo-technical  materials. 


3.2  Traditional  Concerns  with  3-D  Finite  Element  Analysis 


There  are  several  key  issues  involving  the  use  of  3-D  FE  analysis  which  should  be 
addressed  early; 

a.  In  the  past,  computational  labor  required  for  the  detailed  formulation  3-D  problems 
made  early  applications  of  this  method  impractical  Today,  however,  the  use  of 
automatic  mesh  generation  software  and  predetertnined  mesh  layouts  that  are 
appropriate  for  the  range  of  pavement  problems  make  the  effort  on  the  input  phase  of 
the  analysis  very  manageable. 

b.  The  large  amounts  of  output  data  that  are  produced  by  3-D  FE  analysis  in  the  past  have 
made  the  interpretation  of  the  results  tedious  and  difficult  Further,  much  of  the 
response  escaped  evaluation  due  to  the  sheer  volume  of  data.  However,  modem  data 
editing  and  plotting  techniques,  specifically  the  automatic  production  of  color  graphics 
in  isometric  3-D  views,  are  an  extremely  valuable  tool  allowing  the  r-nginew  to  have  a 
rapid  look  at  the  results  of  a  particular  analysis  without  laborious  manual  reading  of 
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individual  data.  Of  course,  these  data  can  also  be  manipulated  by  other  special  post¬ 
processors  to  highlight  local  stresses  and  defections  where  appropriate. 

c.  The  long  solution  times  which  characterized  early  3-D  analysis  are  rapidiy  being 
reduced.  Wc  can  show  that  the  better  workstations  and  PC-based  desktop  computers 
are  now  capable  of  producing  results  for  representative  problems  in  a  very  manageable 
time.  Furthermore,  the  speed  of  PCs  and  workstations  continues  to  rapidly  increase, 
doubling  every  two  or  three  years,  for  the  same  or  lower  costs. 

d.  Memory  size  and  instruction  storage  capability  of  new  workstations  is  likewise 
increasing. 

e.  In  the  past,  the  complex  organization  of  the  problem  which  involved  manually 
drawing,  plotting  and  creating  FE  meshes,  making  the  various  computer  runs 
involved,  organizing  and  presenting  the  data,  etc.,  can  now  be  done  by  an  overall 
expert  system  incorporating  FE  analysis  techniques.  The  unified  pavement  method 
should  be  as  simple  a  design  tod  as  possible.  The  objective  here  is  that  the  essential 
elements  of  the  solution  process  will  ah  be  contained  internally  in  a  complete  program 
system  so  that  the  formulation  by  the  engineer  and  the  interpretation  of  the  response 
can  be  performed  as  efficiently  as  possible. 

A  summary  «jf  these  key  issues  is  shown  in  Table  3-1. 


Tu&Ie  3-1,  Key  Issues  In  3*D  FE  Agplt^sifesr 


Solution 


1.  Computational  Labor 


Automatic  Mesh 


2.  Post  Processing  Output  Data 


Automatic  Color  Gratis  kt  tbrnaate  Views 


3.  Computer  Time 


Chips 


4.  Avaiiabiityd  Machines 


Pswsfiut  PCAVofkstaiicns  Becoming  Routinely 
Available 


6.  Simpfcity  as  Design  Tod 


Cm  is  an  Expert  System 
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4.  Structural  Response  Model  Method 


4.1  Demonstrating  the  Application  of  3-D  FE  Analysis 

In  the  work  completed  we  have  exploited  the  range  of  available  experience  for  applying  the 
3-D  FE  method  efficiently  to  the  airport  problem.  These  included,  as  well,  mesh  optimization 
studies  and  some  simplified  representation  for  pavement  materials. 

The  Foster-Miller  work  has  used  the  PC/workstation  environment  as  a  baseline  for  the  FE 
method.  PCs  are  accessible  and  economical  for  the  end  user,  which  is  the  airport  design  and 
evaluation  community.  Also,  a  wide  range  of  FE  modules  available  now  and  in  development  are 
designed  for  use  in  PCs  and  workstations.  Many  of  these  are  also  available  in  mainframe  or 
supercomputer  versions  if  warranted. 

This  demonstration  of  the  3-D  FE  approach  for  airport  pavements  builds  on  previous 
studies  using  earlier  FE  tools.  An  example  is  the  United  States  Air  Forccs/Ioannkfes  solution  for 
same  typical  mtiitajy  aircraft  pavement  problems  within  the  last  five  years  £1J.  Also,  there  are 
several  classical  pavement  problems  which  we  will  analyze  by  the  3-D  finite  element  method  and 
compare  with  classical  solutions. 

One  key  element  in  making  the  3-D  FE  analysis  practical  for  die  airport  problem  is  the 
incorporation  of  labor-saving  features  that  drastically  reduce  the  repetitive  preparation  of  input  and 
evaluation  of  output.  In  particular,  3-D  FE  analysis  will  produce  vast  amounts  of  raw  data  which 
must  be  edited  and  presented  in  a  form  which  is  most  useful  to  the  end  user.  For  demonstration 
analyses  we  incorporated  the  following; 

a.  Automated  mesh  generation,  which  is  important  to  reduce  the  complexity  of  input 
labor. 

b.  The  use  of  symmetry  and  symmetric  boundary  conditions  to  reduce  the  mathematical 
size  of  the  model,  thereby  reducing  solution  time  and  preparation  complexity. 

c.  Use  of  a  coarser  model  mesh  away  from  the  region  of  maximum  loads  and  dcfiertUt*, 
which  results  in  a  model  which  uses  a  smaller  matheruatkal  formulation  hut  sacrifices 
httle  in  the  way  of  accuracy.  It  is  important  here  to  recognise  the  need  for  first 
obtaining  overall  accurate  structural  response,  followed  if  necessary  by  substructuring 
in  the  immediate  area  of  interest  for  a  detailed  picture  of  stresses  o*  defieziions.  The 
use  of  a  progressively  coarser  model  away  from  the  region  **-?  maximum  loads 


deflections  eventually  eliminates  areas  of  the  model  that  are  for  all  practical  purposes 
unaffected  by  the  loads. 

We  can  depict  schematically  a  typical  3*D  FE  structural  model  fa*  airport  pavements, 
referring  to  Figure  4-1. 


*1 


abed  =  Plane  of  Symmetry  W/Symmetric  Boundary  Conditions 
yz  PLANE  =  Joint  Plane  (if  app.)  in  Pavement  Level 
add^i  =  Surface  (Loading)  Plane  - 1/2  Dual  Tandem  Gear  Shown 
Other  Vertical  Planes  ■  Model  Boundary  Conditions 

Figure  4-1.  Schematic  Representation  of  Typical  Finite  Element  Model 


4,2  Layout  of  FE  Structural  Response  Models 

As  an  example,  we  have  indicated  a  typical  dual-tandem  gear  load  such  as  that  for  Boeing 
707  adjacent  to  a  longitudinal  joint  in  Figure  4-2.  The  area  of  interest,  which  represents  the 
primary  response  region  of  the  model,  will  be  the  area  in  which  maximum  stresses  and  deflections 
are  anticipated.  Local,  more  detailed  failure  models  will  also  focus  on  portions  of  this  area.  At  the 
periphery  of  the  model,  away  from  the  area  of  interest,  the  model  is  terminated  using  linear 
boundary  conditions.  This  region  can  be  determined  by  the  use  of  dimensional  parameters  referred 
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to  in  earlier  work  by  Dr.  A.  Ioannides  for  the  U.S.  Air  Force  [1],  Here,  a  single  axis  of  symmetry 
perpendicular  to  the  pavement  joint  and  to  the  direction  of  travel  for  the  gear  is  shown,  and  the 
resulting  model  area  is  indicated  by  the  crosshatch. 


Figure  4-2.  Typical  Model  Layout  Showing  Lateral  Symmetry 

with  Longitudinal  Joint 

An  even  greater  reduction  in  model  mathematical  size  can  be  used  with  bilateral  symmetry, 
as  shown  in  Figure  4-3,  in  which  a  plan  view  of  a  typical  model  layout  for  a  so-called  interior  or  an 
unjointed  pavement  case  is  shown.  Here  the  same  dual-tandem  gear  load  is  shown.  Two  axes,  or 
planes,  of  symmetry  are  indicated  passing  through  the  center  of  the  gear  truck.  The  area  of  interest 
near  the  gear,  contained  within  a  larger,  coarser  area  is  also  indicated. 
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Figure  4-3.  Typical  Model  Layout  Showing  Bilateral  Symmetry 


4.3  Finite  Element  Program  for  Demonstration  of  3-D  Analysis 

For  demonstration  purposes,  in  this  program  phase  we  have  used  an  advanced  commercial 
finite  element  code,  NISA  90.0,  which  contains  many  key  capabilities  needed  for  3-D  pavement 
analysis.  However,  we  should  note  that  the  eventual  goal  of  the  Unified  Pavement  Program  is  to 
assemble  the  best  available  modules  for  the  complete  unified  pavement  analysis  process.  This  will 
include  customized  writing  of  key  solution  modules  and  material  constitutive  modules,  which  will 
be  combined  with  the  pavement  mesh  generation  pre-processors  and  plotting  type  post  processors 
referred  to  earlier. 

With  this  demonstration  program,  we  can  formulate  the  solution  of  typical  linear  and  non¬ 
linear  material  problems,  with  a  selection  of  material  failure  laws  (including  Von  Mises,  Drucker- 
Prager,  Mohr-Coulomb,  and  other  similar  formulations)  which  indicate  at  least  a  general 
applicability  to  the  type  of  materials  encounters  m  airport  pavements. 


180 


This  program  system  also  has  excellent  graphics  and  data  preparation  features  that  reflect 
the  features  needed  in  the  final  3-D  analysis  method.  Extensive  use  of  color  graphics  enables  the 
user  to  rapidly  assess  the  response  of  a  given  model.  These  color  graphics  can  be  produced  on  a 
multicolor  laser  printer  integrated  with  the  workstation  so  the  graphical  output  is  available 
immediately  upon  solution  of  the  problem.  This  capability  includes  not  only  multicolored  isometric 
plots  of  stresses  and  displacements  throughout  solid  objects,  but  also  the  wide  capability  for  slicing 
through  the  model  in  various  directions  to  highlight  certain  zones  for  stress,  deflection,  strain  and 
various  forms  of  principal  stress. 

4.4  Benchmark  3-D  FE  Analyses  for  Classical  Pavement 
Problems 

The  3-D  FE  techniques  described  above  were  first  applied  here  to  several  benchmark 
problems.  In  the  past,  these  simple,  idealized  cases  have  been  formulated  with  a  closed-form 
solution,  and  in  some  cases,  also  with  earlier  2-D  axisymmetric  programs  such  as  ELLI-SLAB, 
ELL1-PAVE,  Chevron,  etc. 

4.4.1  Westergaard  Plate  Problem 

The  first  benchmark  analysis  using  our  3-D  FE  approach  was  a  check  of  the  classic  [6] 
Westergaard  solution  for  an  elastic  slab  with  an  interior  load  supported  on  a  dense  liquid 
foundation.  This  solution  was  in  the  form  later  updated  by  Ix>sberg  for  a  square  interior  load  The 
general  characteristics  of  this  sample  case-  are  shown  in  Figure  4-4. 

In  this  model,  a  thin  concrete  slab  6  in,  thick  is  supported  on  an  elastic  subgrade  with  a 
bulk  stiffness  of  50  lb/in.3.  A  total  load  of  10,000  lb  over  a  central  1  ft2  area  was  used,,  and  the 
results  of  the  FE  analysis  were  compared  with  the  classical  solution  as  modified  by  Losberg. 
Results  are  shown  in  Table  4-1.  The  Fbstei  -MUler  model  and  the  closed  form  solution  both  agreed 
exactly,  with  a  central  vertical  deflection  of  0.023  in.  The  maximum  flexural  stress  in  the  slab 
from  our  model  was  265  psi  compared  to  closed  form  solution  of  285  psi,  which  is  excellent 
agreement,  given  the  coarse  element  size  relative  to.  the  loaded  area. 


figure  4-4.  Westergaard  Benchmark  Model  with  Square  Interior 

Pressure  Load 


Table  4-1.  Comparison  of  Results  for  Westergaard  Problem 


dmax  (in.) 

•max  (P«l) 

Foster-Milter  NISA  Model 

0.023 

265 

Closed-form  solution 

0.023 

285 

In  the  FE  model,  the  slab  was  modeled  using  a  12  ft  x  12  ft  area  divided  into  a  multilayer 
network  of  3-D  solid  isoparametric  "brick"  elements.  These  consisted  of  6  in.  x  6  in.  elements  in 
plan  view,  two  layers  deep.  For  speed  of  modeling,  no  variation  of  element  size  away  from  the 
load  was  used  in  these  early  studies.  The  top  layer  of  2  in.  and  the  bottom  layer  of  4  in.  make  up 
the  6-in.  thick  layer  for  the  slab.  Note  that  these  are  not  plate  bending  elements,  but  3-D  solids. 
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Note  also  that  no  advantage  was  taken  of  the  obvious  bilateral  symmetry.  This  could  have 
easily  reduced  the  model  size  by  approximately  a  factor  of  four.  Then  the  planes  of  symmetry 
would  have  used  symmetry  type  boundary  conditions  with  restrained  edge  moments,  with  vertical 
movements  unrestrained.  Because  of  the  short  solution  time  and  the  simple  nature  of  the  model, 
no  real  effort  was  extended  to  economize  on  the  solution.  However,  in  later  cases  we  will  see  how 
we  can  take  advantage  of  these  principles. 

4.4.2  3-D  FE  Analysis  of  Burmister  Two-Layer  Axisymmetric  Problem 

This  3-D  FE  solution  was  performed  for  a  two-layer  system,  representing  a  classical 
Burmister  [7]  two-layer  problem,  with  the  bottom  "layer"  a  semi-infinite  elastic  medium.  As  seen 
in  Figure  4-5,  a  bilateral  symmetric  model  was  created  resulting  in  one-quarter  of  the  actual  area 
being  modeled,  using  two  perpendicular  planes  of  symmetry.  In  this  example  an  8-in.  thick  top 
layer  with  Young’s  modulus  of  29,900  psi  and  Poisson's  ratio  of  0.49  was  modeled  with  two 
layers  of  4-in.  deep  3-D  isoparametric  brick  elements.  These  were  arranged  in  a  6  ft  x  6  ft.  area, 
with  individual  element  size  in  plan  view  being  6  in.  x  6  in. 


Praaaura  Load 
El  48  pal 
0  7.280  pal 


hat*  -  8“ 


E  top  uy«  =  29,900  lb/ln2 

^  top  l*y*f  s;  0.15 

4,270  lb/ln* 
/i  *  0.49 


Figure  4-5.  FE  Approximation  of  Burmister  Two-Layer  Problem 
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The  subgrade  was  assumed  to  be  a  softer  material  with  a  modulus  of 4,270  psi,  again  with 
a  Poisson's  ratio  of  0.49.  Two  layers  of  subgrade  were  modeled  by  3-D  brick  elements,  with  the 
remainder  below  approximated  by  verdcal  spring  elements.  Note  that  when  using  symmetry 
(either  in  single-  or  double-axis  form  and  using  a  spring  representation  for  the  continued  depth  of 
subgrade,  care  must  be  taken  to  allow  for  the  "presence"  of  adjacent  springs  at  all  of  the  symmetric 
points  so  spring  stiffnesses  have  to  be  adjusted  along  the  lines  and  comers  of  symmetry. 

The  load  here  consisted  of  a  30-in.  diameter  circular  area  with  vertical  pressure  of  48  psi, 
reflecting  values  used  in  early  Burmister  studies  of  the  1940s.  These  had  originally  been  done  by 
Burmistcr  to  evaluate  the  stiffening  effect  of  a  top  base  layer  (compacted  or  stabilized)  on  the 
original  subgrade,  and  proceeded  to  a  general  closed-form  analysis  of  a  two-layer  system. 

Comparison  of  the  3-D  results,  seen  in  Table  4-2  shows  a  reasonably  good  agreement  for 
maximum  deflection  (the  principal  quantity  used  throughout  the  Burmister  work).  However,  the 
use  of  springs  to  represent  lower  subgrade  areas  did  not  provide  any  meaningful  savings,  since  the 
effort  to  properly  model  the  continuum  below  was  out  of  proportion  to  any  execution  time  saved; 
total  solution  time  was  only  a  few  minutes  on  a  3861/25  PC.  Also,  there  is  no  good  equivalence  of 
vertical  springs  to  a  3-D  elastic  solid  when  differential  vertical  displacement  occur.  Future 
modeling  of  subgrades,  therefore,  was  done  using  3-D  elements,  without  spring  elements, 
terminating  at  much  deeper  levels  (40  ft  range)  using  a  progressively  coarser  mesh.  This  provided 
better  replication  of  the  actual  physical  conditions. 

It  should  be  noted  that  neither  in  this  case  nor  in  the  previous  case  were  any  plate-type  or 
flexural  elements  used.  These  elements  are  3-D  solid  isoparametric  elements,  and  therefore  all 
equivalent  shear  and  moment  deflections  are  accounted  for,  with  accuracy  limited  only  by  the 
numbers  of  elements  used  to  represent  the  solid  layers. 


Table  4*2.  Comparison  of  Results  for  Burmister  Benchmark  Problem 


By  inspection  of  tbe  accompanying  isometric  color*  plot  (Figure  4-6)  one  can  easily  see  the 
effects  of  variation  of  deflection  as  a  function  of  distance  away  from  the  loaded  area,  serving  as  a 
valuable  guide  to  the  investigator  so  as  to  easily  visualize  the  pavement  area  which  has  a 
meaningful  response.  For  these  purposes  a  detailed  review  of  the  printed  output  is  not  necessary, 
showing  the  value  of  advanced  graphical  post  processors  when  evaluating  3-D  results. 


DISPL.  CONTOURS 
Z  -  DISPLACETCNT 
UIEW  !  -2.38E-02 

range::  2.44E-01 


E  0.2444 
0.2146 
0.1848 

t  0.1530 
0.1252 
IE-01 
7E-02 


14E-02 
6E-03 
-2E-02 


RXs  160 
RY=  60 
RZs  -30 


Figure  4-6.  3-D  Burmister  Benchmark  Problem 


*  Color  originals  available  at  Foster-Miller. 
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4.4.3  3-D  FE  Model  for  Pavement  Slab  (Interior  Load  Case) 

This  3-D  FE  demonstration  case  was  undertaken  to  clarify  our  modeling  and  solution 
technique  by  comparison  with  earlier  FE  work  for  the  USAF  by  Dr.  A.  Ioannides  [1].  In  the 
model,  a  relatively  thin  $  in.  concrete  slut,  on  a  soft  subgrade  was  deliberately  chosen  to  enhance 
the  magnitude  of  the  results.  In  this  particular  case,  a  single  wheel  load  of  30,000  lb  representing 
that  due  to  an  F- 15  aircraft,  was  applied  to  an  unjointed  slab,  resulting  in  a  so-called  "interior"  load 
case.  A  general  depiction  oftheFE  model  is  shown  in  Figure  4-7. 

Extensive  earlier  work  by  Ioannides  and  others  has  shown  that  in  order  for  the  structural 
response  to  be  properly  evaluated,  the  slab  area  that  needs  to  be  modeled  to  obtain  acceptable 
results  may  extend  a  relatively  short  distance  away  from  the  load.  Naturally,  this  is  a  function  of 
the  interplay  between  the  flexural  rigidity  of  the  slab,  the  characteristics  of  the  submdc,  and 
especially  the  size  of  the  loaded  area.  Dimensionless  parameters  containing  the  above  [Ref  1]  can 
be  used  to  evaluate  the  slab  area  requirements  for  a  given  set  of  physical  characteristics.  The 
typical  subgrade,  however,  should  extend  a  substantial  distance  both  laterally  and  vertically  away 
from  the  loaded  area,  in  order  to  properly  evaluate  the  response  of  the  system. 


Figure  4-7.  3-D  FEM  for  Interior  Load  Case  -  8-lnch  Slab  with  Single 

30*  Wheel  Load 
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The  size  of  the  "interior"  model  can  obviously  be  reduced  by  using  double  symmetry,  i.e., 
symmetry  about  both  xz  and  yz  planes,  thereby  reducing  the  modeled  volume  to  one-quarter  of  the 
original.  Accordingly,  in  our  case,  the  modeled  area  includes  one-quarter  of  a  15  ft  x  15-ft  slab 
area,  on  a  35  ft  x  35-ft  subsoil  or  subgrade  area,  extending  down  to  40  ft  below  the  surface.  In 
this  case,  typical  symmetry-type  boundary  conditions  are  applied  to  both  planes  of  symmetry.  In 
addition,  the  boundaries  at  the  extremities  of  the  model  in  both  lateral  and  vertical  directions  are 
restrained  by  the  appropriate  "rollers"  with  zero  transverse  displacement  permitted,  which  provides 
good  representation  of  the  true  situation  since  the  effects  of  the  load  have  nearly  been  eliminated  at 
this  distance.  Note  also  that  in  the  model  the  size  of  the  FE  mesh  progressively  increases  in  all 
directions  away  from  the  loaded  area.  This  reflects  the  normal  practice  in  FE  analysis  to  economize 
on  the  size  of  the  model  while  sacrificing  little  of  die  accuracy  for  overall,  or  "global"  response. 

Figure  4-8  shows  the  center  of  the  interior  load  model  in  detail.  In  this  case  we  have 
divided  the  thickness  of  the  slab  into  only  two  layers  of  3-D  isoparametric  brick  elements.  The 
subgrade  volume  immediately  below  the  slab  has  been  divided  into  two  6-in.  thick  layers,  with 
succeeding  levels  increasing  rapidly  in  thickness  proceeding  vertically  downward.  In  this  figure 
the  locations  of  interest  for  the  pavement  response  are  shown,  in  which  vertical  deflections  are 
evaluated  at  the  center  surface  of  the  pavement  layer,  in-plane  flexural  stresses  are  evaluated  at  the 
bottom  of  the  slab  and  again  in  the  center  of  the  pavement  area,  and  maximum  subgrade  pressure  in 
the  vertical  direction  is  evaluated  immediately  below  die  slab  in  the  subgradc  layer.  This  FE  model 
contained  584  elements  and  2,532  dcgrecs-of-freedom  (DOF),  including  boundary  restraints. 

The  execution  time  of  this  single  static  load  case  was  performed  with  the  NISA 
demonstration  program  in  18  minutes  on  an  IBM  386/25  PC-type  desktop  system.  This  was  later 
reduced  to  6  minutes  when  run  on  a  486/33-type  PC.  In  contrast,  in  an  earlier  FE  analysis  by 
Ioannidcs,  using  a  similar  model  with  the  GEOSYS  Program,  the  solution  took  2.5  hours  on  a 
Harris  800  virtual  memory  computer.  This  shows  the  rapid  decrease  in  solution  times  for  3-D 
models  that  we  can  expect  with  die  advancing  speed  of  PC  workstations. 
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Figure  4-8.  3-D  FEM  -  Detail  at  Cantar,  Interior  Load  Case 

The  results  of  this  study  art  shown  in  Table  4-3,  along  with  &  comparison  with  earlier  2-D 
and  closed-form  analyses  for  the  same  problem.  These  included  ILL1-SLAB,  [8]  used  now  by 
some  designers  for  pavement  studies,  and  the  closed  form  Westergaaid/Losberg  solution.  Exact 
agreement  was  obtained  with  the  3-D  GEOS  YS  results,  and  good  agreement  with  2-D.  (Later,  we 
shall  see  that  3-D  is  especially  useful  for  edge-loaded  and  similar  situations  which  cannot  be 
directly  modeled  by  2-D  and  type  analysis). 

The  Foster-Miller  results  can  again  be  effectively  visualized  by  3-D  color  graphics, 
produced  with  advanced  post-processing  techniques.  In  Figure  4-9  we  see  an  isometric  view  of 
vertical  deflections  in  3-D  contours.  This  confirms  instantly  how  the  “ares  of  interest"  for 
significant  deflections  includes  a  limited  region  (several  feet  away  from  the  toad  for  these  particular 
pavement  system  characteristics).  Max  deflection  is  tabulated  and  others  can  be  closely  estimated 
throughout  the  system  without  searching  through  printed  output,  although  these  files  furnish  all 
“raw”  data  for  any  postprocessing  operations  that  may  be  desired. 
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Table  4-3.  Comparison  of  Results  for  Interior  Load  Case 


F-MN1SA  Model 

GEOSVS  (USAF)  3-0 

ILLI-SLAB  2-D 

Closed- Form 
(Losberg) 


dsiab/max  (!**•) 

Qsubg/max  (pel) 

S«lab/max  (psl) 

0.031 

5.02 

608 

0.031 

5.03 

609 

0.037 

5.10 

697 

0.036 

483 

636 
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Figure  4-9.  3-D  Vertical  Deflection,  Interior  Losd  Case 
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In  Figure  4- 10  we  show  an  isometric  color  plot  of  vertical  subgrade  pressure  in  the  vicinity 
of  the  load  Here,  the  slab  has  been  removed  for  clarity.  In  later  cases,  we  will  also  see  how  the 
model  volume  can  easily  be  sliced  or  localized  to  produce  clear  graphical  depiction  of  the  pavement 
response  wherever  needed.  Also,  another  type  of  graphical  output  that  can  be  produced  is  a 
trajectory-type  (vector  arrows)  map  of  displacements,  which  will  also  be  familiar  to  FE  analysts. 

In  these  simplified  3-D  Models,  note  the  rather  coarse  mesh  used  under  the  vicinity  of  the 
load  In  an  actual  application,  a  more  refined  mesh  or  a  local  model/substructure  in  the  upper- 
layers  could  be  used  to  produce  a  finer  resolution  of  stresses.  However,  the  overall  deflection 
(global  response)  of  the  model  is  not  affected  materially  by  this  degree  of  model  coarseness 
immediately  under  the  load  In  this  case,  the  bending  behavior  of  the  slab  was  adequately 
represented  by  only  two  layers  of  isoparametric  brick  elements,  showing  that  even  with  this 
absolute  minimum  number  of  elements,  adequate  slab  behavior  is  obtained.  But,  for  a  more 
accurate  rendition  of  slab  stresses  laterally  and  through  the  thickness  under  the  load  (especially  if  a 
complex  tire  pressure  distribution  is  applied),  a  more  finely  divided  mesh  or  local  model  can  easily 
be  used. 


Comparing  the  earlier  ILLI-SLAB  2-D  and  closcd-foim  solutions,  note  that  this  double- 
symmetric  configuration  is  not  too  dissimilar  from  the  axisymmctric  configuration  represented  by 
these  approximate  solutions.  Therefore,  here  we  could  expect  these  latter  to  give  a  reasonable 
approximation  of  tire  true  3-D  response.  This  doubly-symmctrie  example,  although  in  practice 
rarely  producing  maximum  stresses  compared  to  an  edge-loaded  type  configuration,  nevertheless  is 
valuable  to  verify  the  performance  of  the  approach,  and  to  compare  against  traditionally  accepted 
axisymmctric  and  2-D  analysis  tods. 


4.4,4  3-D  FE  Study  of  Dual-Tandem  Landing  Gear  Load  for  Wide-Body 

Aircraft 

This  is  a  more  complex  problem  which  extended  the  work  of  the  previous  example  to  a 
representative  airport  pavement  situation.  In  this  example,  a  single  djial-tandcm  landing  gear  truck 
of  the  Boeing  747-200  aircraft,  with  takeoff  gross  weight  (TOGW)  of 775,000  lb  was  applied  to 
the  interior  of  a  pavement  slab  area.  An  interior-type  FE  model  was  therefore  constructed.  As  in 
the  previous  examples,  advantage  was  taken  of  the  dual  planes  of  symmetry,  so  as  to  require 
modeling  of  only  one  quarter  of  the  dual-tandem  truck  and  the  pavement  system,  using  appropriate 
symmetry  boundary  conditions.  There,  individual  wheel  load  was  46,000  lb,  with  a  tire  pressure 
of  200  psi,  equivalent  to  that  used  in  normal  service.  A  three-layer  PCC  pavement  system  was 
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Figure  4-10.  3-D  Vertical  Subgrade  Stress,  Interior  Load  Case  (Detail) 
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used  similar  to  that  which  would  be  designed  today.  A  complete  analysis  for  this  four-wheel  dual¬ 
tandem  truck  was  performed  in  a  single  3-D  FE  analysis  run. 

A  plan  view  of  the  pavement  system  modeled  area  is  shown  in  Figure  4-11. 

As  in  the  previous  example,  we  initially  modeled  a  15  ft2  slab  area  with  the  747  dual¬ 
tandem  landing  gear  truck,  with  the  subbase  and  subgrade  extending  40  ft  away  from  the  center  of 
the  gear  in  both  lateral  directions.  In  the  elevation  view,  we  depicted  the  cross  section  of  this 
pavement  system.  The  pavement  layer  consists  of  a  12-in.  thick  Portland  cement  concrete  (PCC) 
slab  with  Young's  modulus  of  4,000,000  psi.  This  lies  atop  a  12-in.  layer  of  compacted 
stabilized  subbase,  analogous  to  FAA  specification  P-304,  with  a  modulus  of 40,000  psi.  This  in 
turn  is  atop  a  "soft"  subgrade  with  modulus  of  7,700  psi.  The  depth  of  the  modeled  volume  of 
40  ft  is  sufficient  to  adequately  represent  a  semi-infinite  half  space  of  subgrade  material,  according 
to  previous  USAF  studies  by  Ioamridca  [1]. 
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Figure  4-11.  Dual-Tandem  Widebody  Gear  Load  on  Three-Layer 

Pavement  System 
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This  three-layer  airport  pavement  system  complies  with  the  requirements  of  the  FAA 
AC150/5320  Airport  Design  Circular.  This  first  phase  demonstration  problem  used  linear  elastic 
analysis,  but  follow-on  work  could  include  the  use  of  selected  nonlinear  representations  for  the 
subbase  and  subgrade,  as  will  be  seen  in  examples  later  in  this  report  for  edge-loaded  slab 
configurations. 

Again,  one  objective  in  this  study  will  be  to  highlight  the  use  of  advanced  post-processors 
which  produce  3-D  color  contour  plots  for  rapid  visualization  of  deflections  and  stresses 
throughout  the  pavement  system. 

A  close-up  view  of  this  finite  element  model  in  the  vicinity  of  the  tire  load  is  shown  in 
Figure  4-12.  Here  we  can  see  that  the  12-in.  thick  slab  is  modeled  by  only  two  layers  of 
isoparametric  brick  elements.  This  was  shown  to  be  sufficient  for  representing  the  global 
response,  although  a  finer  3-D  mesh  in  the  higher  stress  areas  immediately  beneath  the  tire  would 
produce  more  accurate  stresses.  The  12-in.  thick  stabilized  subbase  layer  is  also  modeled  by  two 
layers  of  these  elements.  The  "soft"  subgrade  is  modeled  by  deeper  elements  quickly  increasing  in 
size  with  depth  down  to  40  ft  where  the  model  is  terminated.  Likewise,  the  coarsening  of  the 
model  as  we  proceed  away  from  the  center,  or  intersection  of  the  axes  of  symmetry,  can  be  seer  in 
the  figure.  The  aircraft  tire  load  is  modeled  by  six  work  equivalent  loads  in  a  rectangular  pattern 
approximately  representing  the  actual  oval  footprint.  The  total  individual  wheel  load  in  this  case  is 
46,000  lb,  a  typical  wheel  load  for  the  Boeing  747-200.  A  depiction  of  the  tire  pressure 
distribution  is  shown  in  Figure  4-13. 

In  side  view,  the  aircraft  tire  pressure  distribution  is  approximately  parabolic  as  shown  with 
an  average  value  of  200  psi.  In  the  axial  view,  the  tire  sidewalls  typically  cause  the  pressure  to  be 
higher  at  the  sides  of  the  footprint,  which  is  shown.  This  is  approximated  by  the  rectangular 
arrangements  of  the  six  equivalent  loads  shown  previously.  It  should  be  noted  that  without  a  much 
more  detailed  FE  repitsentation  of  the  area  directly  under  the  load,  these  minor  differences  in  the 
tire  pressure  distribution  have  little  effect  on  the  overall  structural  behavior  of  the  pavement  system. 
However,  for  detailed  local  stress  analysis,  it  would  be  appropriate  to  represent  these  details  of  the 
tire  pressure  distribution. 

These  tire  pressure  distributions  could  also  be  used  to  represent  an  aircraft  of  50  percent 
higher  weight,  if  the  tire  pressure  for  that  aircraft  were  also  increased  by  50  percent.  The  behavior 
of  this  elastic  model  will  be  useful  later  via  simple  scaling  at  least  to  begin  the  study  of  the  effects 
of  higher  widebody  tire  pressures. 
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Figure  4-12.  FE  Model  for  4-Wheel  DT  Landing  Qear 


Longitudinal  Lateral 


Figure  4-13.  Tire  Pressure  Distribution 
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The  flexural  stresses  at  the  bottom  of  the  slab  under  the  load  in  the  longitudinal,  or  tire 
travel,  direction  are  shown  in  Figure  4-14.  Note  that  this  model  includes  the  behavior  of  all  four 
tires  simultaneously  acting  on  the  slab  and  pavement  system.  We  can  see  from  this  figure  that  the 
flexural  stresses  in  the  pavement  peak  under  the  tire  at  slightly  over  400  psi  and  that  they  decay  to 
approximately  350  psi  between  the  forward  and  aft  tires  before  rising  again  in  a  symmetrical 
pattern.  Forward  of  the  tire  footprint,  the  stresses  can  be  seen  to  fall  off  rapidly. 

Figure  4-15  shows  the  variation  of  the  vertical  compressive  stresses  in  the  pavement 
system  under  the  center  of  the  tire  contact  area.  The  stresses  rapidly  decrease  proceeding  down 
through  the  concrete  slab,  reaching  a  value  of  approximately  10  psi  contact  pressure  at  the  base  of 
the  slab  on  top  of  the  subbase  layer.  Stresses  further  reduce  with  depth  as  shown  and  at  the 
interface  of  the  subbase  and  the  subgrade  layers  the  contact  pressure  has  reduced  to  approximately 
6  psi. 


J520"  Contact 


Figure  4-14.  Flexural  Stresses  Under  Load  at  Bottom  of 
Slab-Longitudinal  Direction 
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Figure  4-15.  Vertical  Compressive  Stresses  in  Pavement  Under 

Center  of  Contact  Area 

The  overall  response  of  tire  model  can  be  quickly  seen  in  the  accompanying  3-D  isometric 
color*  contour  plots  shown  in  the  following  figures. 

Figure  4-16  is  a  depiction  of  the  vertical  displacements  in  the  total  pavement  system,  shown 
in  isometric  view.  The  maximum  value  of 0.094  in.  vertical  deflection  takes  place  at  the  center  or 
intersection  of  the  two  planes  of  symmetry.  The  contour  plot  quickly  shows  the  decrease  of  these 
vertical  deflections  as  one  proceeds  away  from  the  loaded  are  a  in  all  directions. 

Figure  4-17  is  a  detail  showing  the  principal  in-plane  stresses  at  the  top  of  the  slab,  with 
only  the  slab  stresses  being  shown.  This  gives  a  good  idea  of  the  distribution  of  flexural  slab 
stresses,  and  it  suggests  that  the  modeled  slab  area  might  be  insufficient  for  adequately 
representing  the  behavior  of  the  pavement  system.  This  will  be  treated  in  a  later  section. 


*  Original  color  plots  available  <§  Foster-Miller. 
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Figure  4*17.  Top  Slab  Stresses,  Y-DIr  (15  x  15  ft  Slab)  -  B-747 

Dual-Tandem  Gear 
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3-D  graphical  post-processing  techniques  can  also  be  used  to  highlight  a  key  area  of  the 
model.  In  Figure  4-18  the  flexural  stresses  in  the  X  direction  are  shown  for  the  pavement  system, 
sliced  through  the  closest  layer  of  nodes  convenient  to  the  loaded  area,  which  is  shown  by  a 
dashed  elliptical  line.  Die  variation  of  flexural  stresses  with  depth  through  the  slab  are  clearly  seen 
in  this  picture. 

Also,  certain  areas  of  the  pavement  system  can  be  removed  for  an  unobstructed  look  at 
lower  layers.  This  is  seen  in  Figure  4-19  in  which  the  vertical  stress  contours  in  the  subbase  and 
the  subgrade  layers  is  shown  under  the  loaded  area.  This  area  was  sliced  in  a  manner  similar  to 
that  in  the  previous  figure.  Here,  we  see  how  the  vertical  stress  distribution  decreases  with 
distance  away  from  the  load. 


Some  numerical  results  for  this  dual-tandem  gear  loading  example  are  summarized  in 
Table  4-5.  The  maximum  vertical  deflection  at  the  centerline  of  the  gear  track,  which  was  also  the 
center  of  the  model,  was  0.094  in.  as  mentioned  above.  Under  the  center  line  of  each  tire,  vertical 
deflection  was  slightly  less,  at  0.087  in.,  and  decreased  to  approximately  0.050  in.  6  ft  outward 
from  the  tire  centerline.  The  peak  slab  flexural  stresses  of 430  psi  under  the  slab  were  higher  in 
the  direction  parallel  to  the  direction  of  travel.  This  was  in  good  agreement  with  an  estimate  using 
the  closed  farm  solution,  after  superposition  of  the  four  multiple  loads.  The  maximum  subbase 
pressure,  at  the  interface  of  slab  and  subbase,  was  approximately  10  psi.  This  model  did  not 
allow  for  any  potential  slip  at  these  interface  planes,  which  can  be  corrected  in  further  work  by 
using  sliding  and  gap  type  (nonlinear)  elements. 
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Figure  4-19.  Vertical  Stress  -  B-747  Dual-Tandem  Gear 


Table  4-4.  Results  tor  B-747  -  200  Dual-Tandem  Gear  -  Elastic  Analysis 

of  Three-Layer  System 


Results 

Remarks 

Max  Vertical  Detections 
at  CL  of  truck 
at  fire 

0.094  in. 
0.087  in. 

0.050  In.  6  ft  outward 
from  tire  CL 

Slab  Flexural  Stress 

at  bottom  o!  slab  under  tire 
(max  -  aJonQ  travel  direction) 

430  psl 

Good  agreement  with  Losberg 
(Westergaartf)  estimate  alter 
super-position  of  multiple  loads 

Max  Pressure  In  Subbase 
(vertical  component) 

-10  psi 

Further  refinement  of  slab/base 
connectivity  modeling  desired 

As  was  mentioned  above,  the  distribution  of  slab  flexural  stresses  and  vertical  deflections 
suggested  that  the  15  x  15  ft  slab  area  included  in  the  model  was  not  sufficient  to  accurately 
represent  the  response  of  the  pavement  system,  considering  the  large  extent  of  the  loaded  area  with 
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a  wide  body  dual-tandem  gear  truck.  Accordingly,  a  new  analysis  was  made,  in  which  the  slab 
area  included  in  the  model  was  extended  to  the  outward  boundaries  of  the  model  volume,  i.e., 

40  ft  in  each  of  two  lateral  directions.  This  process  is  depicted  in  Figure  4-20. 

Highlights  of  this  model  response  are  shown  in  Figure  4-21  in  which  the  top  slab  stresses 
of  the  "extended"  slab  are  shown  in  3-D  isometric  color*  plot 

Here  the  principal  stresses  on  the  top  surface  are  somewhat  reduced  compared  to  the  earlier 
corresponding  plot.  (Post  processors  could  also  display  differential  contours  between  cases.)  The 
comparison  of  this  case  versus  the  original  slab  area  is  instructive  and  is  shown  in  Table  4-6. 

The  maximum  slab  deflection  at  the  centerline  of  the  model  was  reduced  to  0.83  in. 
Similarly,  the  slab  tensile  flexural  stress  was  reduced  6  percent  and  the  maximum  subgrade 
pressure  reduced  approximately  10  percent  This  latter  percentage  is  only  approximate  since  the 
pressure  change  was  only  1  psi. 

The  conclusion  that  we  can  draw  here  is  that  the  slab  area  for  large  dual-tandem  gear  trucks 
must  be  increased  relative  to  that  which  would  be  sufficient  for  a  single  wheel  loading.  This  is  not 
unexpected.  The  actual  area  of  the  slab  that  needs  to  be  modeled  could  easily  be  determined  by 
further  experimentation  with  this  model,  which  is  feasible  at  6  minutes  per  run.  Dimensionless 
parameters  as  proposed  by  Ioannides  can  also  be  used  as  an  initial  guide.  It  is  likely  that  a  slab 
area  of  15  to  20  ft  laterally  from  the  extent  of  the  loaded  area  would  be  adequate  to  represent  the 
behavior  of  this  particular  pavement  system. 


*  Original  @  Foster-Miller. 
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Figure  4*21.  Top  Slab  Stresses  (“Extended"  Slab)  -  8*747  Dual-Tandem 

Gear 


Table  4-5.  Effects  of  Slab  Area  Modeled  (Interior  Case) 
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If  we  extrapolated  the  results  of  this  study  to  gain  some  insight  into  the  behavior  of  the 
same  pavement  system  under  projected  super  heavy  aircraft  loads,  which  for  example,  could  be 
50  percent  greater  than  the  exisdng  747,  (assuming  same  gear  geometry  with  a  50  percent  tire 
pressure  increase,)  wc  can  obtain  a  quick  insight  into  the  effects  of  such  an  aircraft  on  such  a 
pavement  system.  As  shown  in  Table  4-7,  maximum  slab  deflections  could  increase  to 
approximately  1/8  in.  Maximum  slab  flexural  tensions  could  exceed  600  psi,  sufficient  to  cause 
concern  for  flexural  cracking  in  5,000  psi  concrete  (f  c).  Subgrade  pressures  could  increase  to  the 
15  psi  range.  This  result  suggests  that  nonlinear  representation  of  subbase  and  subgrade  layers 
might  be  warranted,  in  particular  with  a  typical  stress  softening  subgrade.  The  slab  stresses  and 
deflections  could  further  increase,  with  the  possibility  of  permanent  settlements.  Au  analysis  using 
a  nonlinear  representation  of  the  subgradc  would  be  required  to  confirm  the  effects  of  this 
50  percent  increase  in  gear  load;  however,  using  this  economical  example  still  gains  valuable 
insight  into  the  potential  behavior  of  an  existing  airport  pavement  with  new  aircraft  load. 

Similarly,  it  would  be  straightforward  to  investigate  the  effects  of  larger  the  and  gear  dimensions 
for  such  an  aircraft*  in  which  the  gear  size  and  the  footprint  are  increased  accordingly,  with 
corresponding  decrease  in  tire  pressure.  Boeing  Aircraft  is  today  cornering  the  use  of  200  psi, 
larger  tires  for  its  projected  double  deck  747  in  the  weigh!  range  of  1 .3  million  lb  or  higher.  One 
important  consideration  is  the  desire  not  to  increase  the  rating  of  such  an  aircraft  on  existing  airport 
pavements,  using  present  day  rating  methods.  However,  using  the  3-i>  FE  approach,  it  is  possible 
that  a  limited  pressure  increase,  with  coiresponding  reduction  in  gear  size  and  weight,  could  be 
accommodft&d  by  existing  airports. 


TsWe  4*6.  Extrapolation  to  1,160,000  lb  Aircraft  Using  Sams  Goar 
Configuration  and  3GC  psi  Tiro  Pressure  on  Existing  flunway 


B-747-200 

“Super-Heavy4' 

Max  Stab  t)efi.  (d) 

0.0&3  in. 

C.liS 

Max  Slab  Tension  (y) 

405  psi 

608  psi* 

Max  Stbgrado  Pressura  (*) 

*>10  p$J 

M$pSi 

*****  J 

’Tensile  iatfere  In  5, COO  b  concrete 

«■  ^  I  — »*  — rnm m.-  lirtwiwwiat’^iMW — 


This  rE  model  was  executed  in  ap^jximately  the  same  time  ns  the  previous  case: 
approximately  6  minutes  for  the  486/33  PC  workstation.  This  shows  that  t  practical  response 
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model  can  be  run  in  a  very  reasonable  time,  and  can  quickly  and  economically  furnish  useful 
results. 


4.5  3-D  Application  to  Edge-Loaded  Pavements  -  Linear  and 
Nonlinear  Response 

The  3-D  FE  method  was  also  evaluated  for  application  of  edge-loaded  cases,  which  would 
include  jointed  pavements.  Our  studies  here  included  first  another  verification  of  the  Foster-Miller 
3-D  FE  representation  with  earlier  USAF  work  by  Ioannides  [1],  during  the  mid  1980s.  As  in 
previous  examples,  a  relatively  thin  8-in.  PCC  slab  was  modeled  atop  a  "soft"  subgrade,  the  latter 
with  modulus  of 7,700  psi.  A  30,000  lb  F-15  single  wheel  load  was  applied  parallel  to  and 
adjacent  to  a  free  slab  edge,  typical  of  an  idealized  edge-type  load  case. 

A  plan  view  of  this  model  area  is  shown  in  Figure  4-22. 


•  712  Isoparametric 
8-Noded  Brick  Elements 

•  2,664  DOF 

•  8"  PCC  Slab 
E»4x10'psl,  V-0.15 

•  30k  Single  Wheel  Load 
(F-15  Tire  @  350psl), 
Adjacent  to  Free  Edge 

•  Two  Layer  Pavement 
System  for  Simplicity 

•  Soft  Non-Linear  Subgrade 
to  Enhance  Effects 


Figure  4-22.  3-D  FE  Model  Area  for  Edge-Load  Case 

We  can  see  that  here,  only  one  plane  of  symmetry  can  be  used.  The  single  wheel  load  of 
30,000  lb  is  shown  at  the  center  of  the  model,  which  is  the  intersection  of  the  free  slab  edge  and 
the  plane  of  symmetry. 
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An  overall  view  of  the  FE  model  is  shown  in  Figure  4  23. 


Four  work  equivalent  loads  at  comers  of  the  element  closest  to  the  center  are  used  for  the 
350  psi  tire,  totaling  15,000  lb  for  the  model  half. 

A  detailed  view  of  the  central  area  of  the  FE  model  is  shown  in  Figure  4-24.  Here  the  8-in. 
thick  slab  is  again  modeled  by  only  two  layers  of  isoparametric  3-D  brick  elements.  The  base  and 
subgrade  are  shown  by  a  succession  of  layers  increasing  progressively  in  thickness,  starting  with 
two  6-in.  layers  followed  by  an  18-in.  layer,  etc.  down  to  the  40-ft  level,  at  which  point  the  model 
is  terminated.  Again,  the  locations  of  interest  are  shown  at  the  center  of  the  model,  including 
vertical  deflection,  slab  flexural  stress,  and  vertical  subgrade  pressure  beneath  the  slab.  Note  that 
in  this  model,  the  mesh  was  elongated  parallel  to  the  direction  of  the  tire  travel,  in  an  effort  to 
assess  the  effect  of  ■'economizing"  on  the  mesh  in  this  direction. 

This  FE  model  included  712  isoparametric  3-D  brick  elements,  with  2,664  DOF  including 
boundary  conditions.  This  single  run  using  the  demonstration  NISA  model  took  18  minutes  on  a 
386/25  desktop  PC,  and  6  minutes  on  a  486/33  desktop  PC.  The  earlier  USAF  studies  under 
USAF  contract,  using  the  GEOSYS  FE  program  with  the  same  mesh  configuration,  took 
2.5  hours  on  the  Harris  800  virtual  memory  computer,  again  indicating  the  rapid  increase  in 
processing  speed  available  with  improved  desktop  and  workstation  computers,  and  also  with  the 
use  of  advanced  3-D  FE  solution  techniques. 

The  results  of  the  Foster-Miller  FE  analysis  are  compared  in  Table  4-7  with  earlier 
GEOSYS  nms,  as  well  as  with  the  DLU-SLAB  2-D  and  closed  form  solutions  [3]  that 
approximated  this  configuration.  This  shows  excellent  agreement  with  the  earlier  3-D  finite 
element  work  except  that  for  slab  stresses,  the  interpolation  procedures  needed  to  obtain  stresses  at 
the  comers  of  the  central  element  indicate  that  a  finer  mesh  would  be  required  to  obtain  better 
depiction  of  these  local  slab  stresses  directly  under  the  load.  The  other  2-D  and  closed  form 
applications  are  really  quite  approximate  in  terms  of  their  stress  and  deflection  because  they  are 
fundamentally  axisymetric  type  solutions  adapted  to  the  non-axisymmetric  conditions  of  the  edge- 
loaded  case.  However,  the  solution  technique  used  here  was  sufficiently  close  to  the  earlier  work 
that  the  verification  of  the  method  is  considered  satisfactory. 
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Plans  of  Symmetry 


fabia  4-7.  Comparison  of  Rasults  for  Edgt-Lotd  Cana 


d  Sift}, 

max 

(In.) 

q  subgrade, 
max 
(pal) 

a  slab, 
max 
(pal) 

Foster-MWer  NISA  Mods! 

.063 

24.7 

769 

GEOSYS  (USAF)  3-0 

.063 

24.6 

826 

tUJ-SLAB  2*0 

.066 

58.8 

1181 

Ctosed  Form  SoJutkm* 

- 

* 

1056 

*H51  S  wa'ng  automated  equivalent  ol  Pickett  &  Ray 


In  Figures  4-25  and  4-26  selected  pavement  system  responses  are  shown  using  advanced 
graphical  post  processors  with  3-D  color*  depiction  of  deflections  and  stresses.  In  Figure  4-25,  an 
isometric  view  of  the  vertical  displacement  contours  is  shown.  In  Figure  4-26  the  inplane  slab 
flexural  stresses  are  shown,  in  which  the  remainder  of  the  model  is  removed  for  clarity.  The  stress 
distribution  in  the  slab  is  clearly  evident,  and  with  a  closer  look  the  variation  through  the  thickness 
could  be  highlighted 

In  summary,  this  shows  the  value  of  the  3-D  formulation  for  actual  situations  which  are  not 
well  represented  in  2-D.  This  type  of  global  response  model  could  also  incorporate  the  restraining 
action  of  adjacent  slab  (using  effective  spring  rates  from  a  more  detailed  model  of  the  joint/dowel 
area)  to  better  represent  the  behavior  of  actual  slab  sections  used  in  airport  pavements. 


4.6  3-D  Finite  Element  Pavement  Analysis  for  Nonlinear 
Subgrades 

The  Unified  Pavement  Analysis  method  must  accommodate  some  form  of  nonlinear 
formulation  especially  for  subbase  and  subgrade  layers.  In  the  following  study,  wc  have  evaluated 
the  3-D  FE  method  applied  to  examples  of  edge-loaded  pavements,  using  two  different  simple 
nonlinear  formulations  presently  available  for  subgrade  modulus.  In  these  demonstration 
examples,  we  have  used  internal  iteration  and  convergence  procedures  in  nonlinear  static  analysis 
to  perform  the  response  solution  in  a  single  run.  (This  can  be  compared  to  the  earlier 
USAF/Ioannides  work  in  which  separate  runs  for  each  GEOSYS  iteration  were  used.)  In  general 
deviator  stress**  is  evaluated  in  each  element  at  each  step  in  the  iteration.  Then,  the  refoimulated 
element  stiffness  matrix  based  on  the  updated  modulus  (as  a  function  of  deviator  stress)  is  formed, 
transformed  into  a  new  global  stiffness  matrix,  and  then  banded  for  solution,  followed  by  the  next 
iteration  step. 


*  Originals  <§>  foster-Miller. 

**  Here,  deviator  stress  is  used  as  '/3J2D,  in  which  l2D  is the  second  deviatoric  stress  invariant. 
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RV-  120 


In  the  Foster-Miller  studies  we  obtained  good  agreement  with  the  GEOSYS  studies  for 
vertical  deflection,  subgrade  pressure  beneath  the  slab,  and  slab  flexural  stresses  by  using,  as  a 
benchmark  for  the  average  of  the  second  and  third  GEOSYS  iterations.  This  was  the  procedure 
determined  by  loannides  in  the  earlier  studies  to  represent  an  accurate  estimate  of  the  final 
converged  value.  Note  that  in  our  studies,  this  procedure  was  not  necessary,  since  iteration 
proceeded  automatically  to  a  converged  solution. 

A  depiction  of  a  simple  resilient  modulus  type  of  stress  dependent  subgrade  modulus  is 
shown  in  Figure  4-27.  Hare,  the  maximum  modulus  value  of 7,700  psi,  used  previously  in  the 
linear  analysis  examples,  remained  at  values  for  deviator  stress  at  or  below  2  psi.  The  resilient 
modulus  then  decreased  linearly  with  deviator  stress,  and  remained  at  a  minimum  value  of  3,000 
psi  for  deviator  stresses  of  6.2  psi  and  above. 

Solution  of  this  problem  took  a  total  of  6  hours  on  a  386/25  PC  desktop  minicomputer, 
including  all  automatic  iteration  steps.  This  same  run  takes  2  hours  on  a  486/33  PC  workstation, 
and  we  estimate  that  it  would  take  40  minutes  chi  a  RS6000  Unix-type  workstation.  By 
comparison,  the  earlier  USAF  studies  using  the  GEOSYS  FE  program  on  the  Harris  800  virtual 
memory  computer,  were  performed  in  five  iterations  of  2.5  hours  each  for  a  total  of  12.5  hours 
running  time.  This  demonstrates  the  considerably  greater  speed  and  shorter  running  time  possible 
with  modem  workstations,  which  trend  is  expected  to  continue. 
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Figure  4-27.  Simplified  Er  versus  So  Relation  for  "Soft”  Subgrade  Used 

in  FEU  Analysis 
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The  results  of  this  nonlinear  analysis  can  be  compared  to  the  previous  linear  analysis  of  the 
edge-load  case  in  Table  4-8. 

Here  it  can  be  seen  that  the  stress  softening  behavior  of  the  subgrade  led  to  increases  in  the 
maximum  slab  deflection,  and  in  maximum  slab  flexural  stresses  of  approximately  7  to  8  percent 
compared  to  the  case  with  non-softening  linear  subgrade.  Subgrade  maximum  pressures  under  the 
load  decreased  over  20  percent,  reflecting  the  expected  greater  load  transfer  to  the  slab  with  stress 
softening  behavior. 

Also,  for  purposes  of  verification  of  the  Foster-Miller  FE  analysis,  comparison  was  made 
of  our  results  versus  the  GEOSYS  nonlinear  finite  element  analysis,  and  this  is  shown  in  Table  10. 
Good  agreement  was  obtained  within  a  few  percent,  for  both  slab  deflection  and  slab  flexural 
stresses.  Agreement  was  not  exact  since  in  the  present  demo  NISA  code  the  resilient  modulus 
behavior  had  to  be  represented  by  a  variable  deviator  stress-versus-strain  curve  which  is  not 
rigorously  equivalent 


Table  4-8.  Comparison  of  Results  Nonlinear  versus  Linear  Subgrade 

(Edge-Loading) 


d  slab, 
max 
(In.) 

q  subgrade, 
max 
(psl) 

s  slab, 
max 
(psl) 

Linear  Subgrade  (Previous  Example) 

0.063  In. 

24.7  psi 

769  psl 

Nonlinear  Stress-softening  Subgrade 

0.068  in. 

19.5  psi 

815  psl 

Change 

+8% 

-23% 

+7% 

Note:  Max  Nonlinear  Modulus  »  Linear  Modulus  Value 


Table  4-9.  Comparison  of  Foster-Miller  versus  GEOSYS  Results  for 

Nonlinear  Subgrade 


• 

d  slab, 

q  subgrade. 

s  slab, 

max 

max 

max 

(in.) 

(psi) 

(psi) 

Foster-Miller  NISA  (angle  run) 

.068 

19.5 

815 

GEOSYS  (multiple  runs) 

.066 

19.0 

890 

A  last  comment  on  the  greater  running  time  required  for  nonlinear  analysis,  which  is  typical 
of  the  solution  procedures  and  convergence  checks  required  is  that  the  Foster-Miller  analysis  times 
may  be  further  reduced  30  to  50  percent  through  variable  spacing  of  fewer  pseudo  time  points. 

This  would  involve  a  gradual  reduction  in  the  intervals  of  the  pseudo  time  load  iteration  steps  as 
convergence  was  approached  in  the  solution.  In  the  present  analysis,  10  equally-spaced  intervals 
were  chosen  for  simplicity. 

The  pavement  system  response  can  again  be  quickly  and  effectively  visualized  using  3-D 
color*  available  at  Foster-Miller  graphic  post  processors.  In  Figure  4-28  we  see  the  isometric  view 
of  vertical  displacements  throughout  the  pavement  system,  highlighting  the  response  of  the  loaded 
area.  In  addition,  the  flexural  stress  distribution  in  X  and  Y  directions,  (perpendicular  and  parallel 
to  the  free  edge,  respectively)  is  shown  in  color  contour  plots  in  Figure  4-29  and  4-30.  Here  the 
slab  was  again  isolated  from  the  remainder  of  the  model  for  clarity. 


4.7  Alternative  Nonlinear  Subgrade  Representation 

We  made  an  additional  analytical  study  of  the  edge-loaded  slab  using  a  different 
representation  of  the  soft  nonlinear  subgrade.  In  this  analysis,  we  included  a  stress  softening 
subgradc  behavior  as  in  the  previous  example,  but  we  used  a  nonlinear  deviator  strcss/strain  curve 
representation  in  which  a  linear  region  transitioned  gradually  to  a  region  of  linear  hardening,  with 
the  same  general  overall  stiffness  response  as  in  the  previous  example.  This  provided  a  more 
realistic  representation  of  continued  stress  softening  with  load  since  the  previous  case  led  to  a 
deviator  stress-strain  curve  that  was  not  smoothly  varying  in  the  region  of  transition  to  the  constant 


*  Available  @  Foster-Miller. 
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minimum  modulus  value.  This  depiction  is  shown  in  Figure  4-31.  There  is  a  curved  transition 
region  from  linear  to  linear  hardening  areas  as  shown,  corresponding  to  the  ramp  in  the  resilient 
modulus  curve  in  the  previous  case. 
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Figure  4-28.  3-D  Vertical  Displacement  Contours: 

with  Nonlinear  Subgrado 


Edge-Loaded  Slab 
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Also,  an  important  new  evaluation  was  made  here  of  the  effect  of  multiple  loading  and 
unloading  cycles  on  the  response  model  performance  and  computer  running  time.  This  is  depicted 
in  Figure  4-32  in  which  the  five  events  are  schematically  indicated  on  the  chart,  showing 
successive  loading  and  unloading  cycles  through  three  loading  and  two  unloading  events.  Each  of 
these  events  corresponded  internally  to  a  new  nonlinear  analysis,  containing  10  load  steps  per 
event  (Although  this  is  not  a  dynamic  analysis,  these  load  steps  are  referred  to  taking  place 
sequentially  in  "pseudo  time".)  Also,  in  addition  to  contour  graphics,  we  used  the  post-processing 
capability  of  the  demo  program  system  to  follow  certain  deflections  and  stresses  through  the 
history  of  the  load/unload  cycling. 


It  should  be  noted  that  this  entire  five-event  nonlinear  analysis  was  accomplished  in  a  single 
run  without  user  intervention. 


Stress 

Region  Remarks 

0-2psl  Linear  Elastic 

2-6psi  Transition 

>6psi  Linear 

Hardnening 

(T#«  m y3 


Figure  4*31.  Eiasto-Plastic  Nonlinear  Subgrade  with  Transition  to  Linear 

Hardening 
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Figure  4-32.  Elasto-Plastic  Nonlinear  Subgrade  with  Transition  to  Linear 

Hardening 

This  edge-loaded  nonlinear  pavement  model,  identical  to  that  used  in  die  previous  case 
contained  2,644  DOF.  Using  the  486/33  PC  desktop  workstation,  average  time  per  load  step  was 
approximately  18  minutes,  compared  to  6  minutes  for  a  purely  elastic  analysis.  Each  load  step 
included  3  to  5  Ncwton-Raphson  iterations,  as  determined  automatically  in  the  program  by  internal 
convergence  criteria.  As  can  be  seen  in  Figure  4-33,  the  total  solution  time  for  all  rive  events  with 
10  loads  step  per  event  was  in  the  region  of  15  to  16  hours.  However,  wc  believe  that  the  number 
of  load  steps  per  event  could  be  reduced  by  at  least  30  to  50  percent  by  optimizing  the  load  step 
spacing  and  number  within  each  event,  with  solution  times  reduced  ptoponionally. 


10  WMltW 
p* *****  »««*«» 


Consecutive  Events 
(10  Load&tepa/event) 


Figure  4-33.  Solution  Times  on  PC  Workstations 
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Some  results  from  this  study  are  shown  in  Table  4-10.  The  maximum  vertical  deflections 
down  through  the  pavement  system  are  shown  for  the  first  load  and  the  following  unload  cycle. 
The  maximum  vertical  deflection  in  the  slab  at  the  first  load  (Event  1)  was  similar  to  that  in  the 
previous  case.  Here  we  have  also  monitored  the  vertical  deflections  proceeding  down  through  the 
pavement  system  and  it  can  be  seen  how  these  deflections  decrease  with  depth.  After  Event  2, 
which  was  the  first  unload  cycle,  residual  vertical  deflections  remained.  These  range  from  0.006 
in.  near  the  top  of  the  subgrade  with  corresponding  smaller  permanent  settlements  proceeding 
down  through  the  pavement  system.  A  3-D  isometric  color  plot*  of  the  vertical  deflections  are 
shown  in  Figure  4-34.  Here  the  slab  area  and  the  pavement  system  in  the  vicinity  of  the  slab  has 
been  highlighted.  Figures  4-35  and  4-36  show  distribution  of  flexural  stresses  in  the  slab  parallel 
to,  and  normal  to  the  edge  as  one  in  the  previous  cases,  and  likewise  these  show  that  the  flexural 
slab  stresses  in  the  edge-loaded  slab  would  differ  significantly  from  stresses  calculated  by  any 
form  of  axisymmetric  approaches,  demonstrating  the  advantage  and  the  utility  of  full  3-D  modeling 
of  these  situations. 

Table  4-10.  Deflection  Results  -  First  Load/Unload  Cycle 


Event  1 
Max  Load 

Event  2 
Unload 

Max  Vertical  Deflection  in  Slab  (at  CL) 

.068  in. 

.006  in. 

Vertical  Deflection  in  Subgrade  (at  CL) 

6  in.  depth 

.055  in. 

.004  in. 

12  in.  depth 

.044  in. 

.003  in. 

30  in.  depth 

.030  In. 

.002  in. 

Another  helpful  way  to  visualize  the  results  is  to  view  the  deflected  shape  of  the  pavement 
system  via  a  deflected  "wire  frame"  model  This  is  shown  in  Figure  4-37  in  which  the  elevation 
view  of  the  free  edge  of  the  slab  and  the  subgrade  region  in  that  vicinity  are  shown  both  in  their 
original  and  deflected  positions.  (This  corresponds  to  the  first  load  cycle).  Note  that  the  subgrade 
beneath  the  free  edge  is  attempting  to  move  laterally  away  from  the  edge  when  vertical  wheel  load 
is  applied.  This  is  consistent  with  previous  experience  for  this  type  of  pavement  system.  There  is 
a  potential  incompatibility  of  the  ^ubgrade  and  the  slab  at  the  point  where  the  free  edge  bears  on  the 
subgrade,  since  there  is  a  mathematical  singularity  at  this  point.  This  shows  that  careful  attention 
must  be  paid  to  the  FE  modeling  and  these  interfaces  in  order  to  better  represent  the  real  physical 
situation.  In  an  actual  airport  pavement  system,  two  adjacent  slabs  might  be  joined  by  keyway  or 

*  Available  <§>  Foster-Miller, 
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dowel  bar  type  (bridging)  structural  elements.  This  would  reduce  the  relative  deflection  of  one  slab 
compared  to  its  adjacent  slab  on  die  other  side  of  the  joint,  possibly  reducing  the  effect  of  this 
incompatibility.  However,  these  observations  suggest  the  need  for  proper  boundary  elements 
(linear  or  nonlinear)  at  the  pavement/subbase  interface  which  could  require  the  incorporation  of  a 
frictional  interface  element 

Another  informative  look  at  the  subgrade  deflections  can  be  made  via  a  color  history  plot4* 
using  the  pseudo  time  deflection  response.  In  Figure  4-38,  the  horizontal  deflections  normal  to  the 
free  edge  proceeding  downward  through  the  pavement  system  from  the  slab  are  shown,  following 
the  load  and  unload  cycles. 
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Figure  4-34.  Vertical  Displacement  Contours  for  Edge-Loaded  Slab 

with  Nonlinear  Subgrade  No.  2 
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Figure  4-35.  Distribution  of  Flexural  Stresses  Parallel  to  Edge  - 

Nonlinear  Model  No.  2 


Figure  4-36.  Distribution  of  Flexural  Stresses  Normal  to  Edge  - 

Nonlinear  Model  No.  2 
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•  Lateral  Expansion  of  Subgrade 
with  Vertical  Compression  Under 
Slab  Edge 

•  Potential  Local  Subgrade 
Incompatibility  with  Slab 
at  Point  "A" 


Figure  4-37.  View  of  Deflected  Shape  at  Slab  Edge 

Vertical  subgrade  stresses  can  be  fdlowed  in  a  similar  manner,  as  can  be  seen  in 
Figure  4*39.  The  nonlinear  response  in  this  particular  case  is  confined  mostly  to  the  first  load 
cycle,  in  which  permanent  sets  in  the  horizontal  direction  are  exhibited.  Naturally,  the  magnitude 
of  the  deflections  and  the  permanent  sets  decreased  with  depth. 

When  the  subgrade  vertical  pressure  directly  beneath  the  slab  through  the  first  load  and 
unload  cycle  was  evaluated,  it  was  found  after  the  first  unloading  (at  the  conclusion  of  Event  2),  a 
residual  vertical  "tension"  of  4  psi  remained  at  the  interface  between  slab  and  subgrade.  This  was 
due  to  the  simple  modeling  of  the  interface  as  being  able  to  equally  withstand  compression  or 
tension  equally.  However  in  a  real  situation,  this  showed  that  there  would  be  a  potential  for 
separation  of  the  slab  and  subgrade  since  lost  cohesion  would  normally  be  expected  at  this 
interface.  This  suggests  that  eventually  a  void  could  form  under  the  slab  for  this  loading  situation. 
Further  development  of  the  proper  type  of  nonlinear  interface  elements  would  be  required  to  give  a 
better,  more  accurate  representation  of  this  behavior,  but  this  relatively  straightforward  analysis 
quickly  highlights  potential  problem  areas  in  the  pavement  system.  It  would  be  also  be  productive 
to  include  the  restraint  of  an  adjacent  slab,  joined  by  the  appropriate  dowels  or  keyway  and  using 
nonlinear  springs,  to  evaluate  the  pavement  system  response  at  this  point  It  would  be  anticipated 
that  this  would  help  reduce  the  potential  settlement  void. 
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This  behavior  can  also  be  highlighted  by  a  quick  look  at  the  vertical  stress  history  plot 
down  through  the  system  directly  beneath  the  load  in  Figure  4-39.  At  the  level  representing  the 
vertical  "tension"  displayed.  (Note  that  the  stress  convention  used  in  the  computer  plots  is  the 
normal  stress  analysis  convention  in  which  tension  is  positive;  however,  in  most  conventional  soil 
mechanics  and  geotechnical  work,  compression  is  normally  assumed  positive.) 


4.8  Conclusions 

These  studies  with  nonlinear  subgrade  representations,  although  somewhat  over-simplified 
at  this  point,  from  the  point  of  view  of  constitutive  modeling  show  how  even  an  approximate 
representation  of  known  nonlinear  behavior  can  lead  to  a  quick  preliminary  evaluation  of  the 
behavior  of  the  pavement  system.  Coupled  with  the  relatively  clear  three-dimensional  color  plots 
of  deflection,  stress,  and  strain,  we  can  see  how  these  early  analyses  can  point  the  way  towards  the 
need  for  further  work,  for  example  in  interface  element  modeling,  and  in  improving  the  constitutive 
representations  of  the  base  subgrade,  and  flexible  pavement  layers. 


6"  down 
12"  down 
30" down 
80" down 


Flgurt  4-38,  Horizontal  Subgrada  Daflaetlona  Normal  to  Edga  - 

Nontlnaar  Casa  No.  2 
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Figure  4-39.  Schematic  Vertical  Stress  History  -  Down  Through  System 

at  GL  (Nonlinear  Case  No.  2) 

Also,  although  present  solution  times  on  desktop  workstations  do  extend  for  several  hours, 
the  continued  rapid  increased  in  speed  and  further  development  of  nonlinear  solution  procedures 
will  afford  significant  gains  for  such  analysis,  even  for  larger,  more  complex  models. 
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5.  Overal!  Accomplishments  of  Foster-Miller  3-D 

Finite  Element  Studies 


First,  these  FE  studies  have  shown  the  validity  of  guidelines  developed  earlier  using 
dimensionless  parameters  [1]  which  incorporate  the  relative  stiffnesses  of  the  pavement  system 
elements.  These  guidelines  can  be  used  to  develop  a  progressively  coarser  mesh  sizes  with  depth 
and  in  the  lateral  directions  to  most  economically  represent  the  pavement  system. 

Secondly,  the  FE  models  described  earlier  are  of  a  representative  complexity  which  give 
usable  results  for  real  pavement  systems,  and  have  been  shown  to  have  reasonable  solution  times 
on  modem  desktop  PCs  and  workstations.  Further  increases  in  computational  speed,  refinement 
of  solution  techniques,  and  available  memory  size,  are  anticipated  as  the  state  of  the  art  continues  to 
rapidly  progress  for  this  hardware.  Also,  a  better  understanding  of  the  spacing  of  load  steps  in 
nonlinear  analysis  will  yield  further  savings. 

Thirdly,  we  have  shown  how  to  effectively  utilize  the  3-D  FE  approach  with  the  ability  to 
rapidly  evaluate  the  pavement  response  via  a  specialized  system  of  post-processors  which  furnish  a 
graphical  depiction  of  their  response.  The  3-D  representations  are  particularly  helpful  for  the 
pavement  engineer.  Note  that  in  the  previous  studies,  much  of  the  insight  as  to  the  structural 
behavior  was  obtained  via  the  use  of  these  methods. 

These  studies  showed  that  even  with  a  simple  starting  point  for  material  constitutive 
relationships,  meaningful  evaluation  of  pavement  system  behavior  can  be  made.  However,  it  is 
clear  that  much  needs  to  be  done  to  incorporate  more  accurate  material  representations.  This  is 
especially  true  for  the  behavior  of  typical  base,  subbase  and  subgrade  materials .  Along  with  these 
FE  studies,  the  Foster-Miller  program  has  incorporated  some  new  work  which  will  be  discussed  in 
the  following  sections.  Although  this  work  has  not  yet  been  incorporated  into  the  FE  method,  we 
anticipate  that  in  the  next  phase  a  coordinated  effort  will  be  made  to  progressively  incorporate  the 
appropriate  stress-dependent  constitutive  relations  into  the  FE  solution  method  in  such  a  way  that 
the  value  of  each  new  enhancement  of  the  properties  can  be  related  to  the  previous  stage  of 
development 


5.1  Near-Term  Follow-On  Work  for  Demonstration  Cases  Above 

The  incorporation  of  nonlinear  subgrade  behavior  cm  be  extended  to  the  multiwheel  wide 
body  landing  gear  case  shown  earlier.  This  could  incorporate  a  Mohr-Coulomb  failure  law,  plus  a 
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linear  hardening  "cap"  for  the  subgrade  material.  Similar  representations  for  both  the  compacted, 
stabilized  base  and  the  subgrade  can  also  be  included. 

To  show  the  value  of  the  3-D  FE  analysis  method  for  evaluation  of  new  aircraft  tire 
loadings  on  modem  airport  pavements,  the  studies  above  could  be  extended  to  include  a  super¬ 
heavy  aircraft  having  conventional,  larger  200  psi  tires  arranged  in  a  larger  dual-tandem  footprint. 
These  results  could  be  compared  with  the  case  cited  earlier  in  which  only  a  scale-up  of  tire  pressure 
was  made  to  carry  the  50  percent  increased  load.  Here,  the  graphical  representations  of  pavement 
response  could  be  used  to  quickly  visualize  the  difference  in  effect  between  these  two  landing  gear 
configurations. 

Also,  work  on  the  edge-loading  configurations  could  be  expanded  to  cases  in  which  an 
adjacent  slab  is  included  next  to  the  existing  free  edge,  representing  a  joint  This  joint  could 
incorporate  dowels  or  reinforcing  bars  using  nonlinear  springs,  and  this,  in  turn,  could  be  used  to 
evaluate  the  difference  in  pavement  system  response  for  various  simple  joint  configurations.  These 
results  could  be  compared  to  the  traditionally  used  design  charts,  in  which  an  arbitrary  percent  of 
restraint  of  the  adjacent  slab  is  used.  Again,  the  graphical  output  capability  would  be  valuable  in 
assessing  the  pavement  response.  These  studies  could  include  both  linear  subgrade  and  simplified 
nonlinear  subgrade  constitutive  relations,  as  well  as  representative  multiwheel  gear  trucks. 

A  final  valuable  area  for  near-term  investigation  could  include  a  resolution  of  the 
slab/subgrade  compatibility  problem  mentioned  earlier.  Interface  elements  incorporating  a 
nonlinear  frictional  response  at  the  interface  of  the  paving  and  subbase  or  subgrade  layers  could  be 
used  to  evaluate  the  degree  of  refinement  that  is  meaningful  to  provide  a  reasonable  depiction  of 
actual  response  down  through  the  pavement  system.  This  study  could  be  integrated  with  the  joint 
studies  cited  above,  to  gain  some  insight  into  the  actual  behavior  of  the  system  beneath  the  joint 
Although  it  can  be  argued  that  the  constitutive  relationships  presently  on  hand  for  the  base  and 
subbase  materials  need  substantial  further  development  nevertheless  these  FE  techniques  can  be 
economically  and  efficiently  used  to  begin  a  rational  study  of  this  important  area  of  pavement 
system  behavior. 


5.2  Pavement  System  Response  Model  Development 

While  for  the  present  studies,  NISA  90.0  was  used  to  demonstrate  that  3-D  analysis  for 
typical  airport  pavement  configurations  is  practical  with  careful  use  of  FE  techniques,  the  overall 
objective  of  the  program  will  be  to  produce  a  specific  pavement  response  model  tailored  for  use  by 
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government  and  industry.  All  of  the  essential  elements  of  the  FE  solution  procedure,  however,  arc 
available  in  open  literature  and  arc  familiar  to  the  Foster-Miller  team. 

The  important  constituents  of  this  response  model  will  certainly  include  the  use  of 
"prepackaged"  FE  model  mesh  layouts  suitable  for  various  pavement  configurations,  appropriate 
selection  of  some  material  constitutive  and  failure  models,  essential  static,  quasistatic,  and  visco¬ 
elastic  solution  procedures,  and  vital  post-processing  and  data  display  modules  to  produce  the 
graphical  3-D  output.  It  should  be  noted  again  that  dependency  on  existing  general  purpose  FE 
programs  is  not  required.  These  general  purpose  programs  have  many  features  and  capabilities 
which  are  not  required  for  the  pavement  response  model;  conversely,  the  important  constitutive 
relations  for  the  various  pavement  system  materials  are  not  present  in  any  known  general  purpose 
FE  model  and  will  be  developed  specifically  for  the  pavement  system  requirements. 

To  summarize: 

a.  Stiffness  matrices  for  3-D  isoparametric  elements  are  available  today  in  explicit  form. 

b.  Efficient  solution  techniques  have  been  widely  developed  and  are  under  continuous 
refinement  at  Foster-Miller. 

c.  Standard  pre-  and  post-processors  can  be  either  obtained  or  developed,  and  will  be 
integrated  into  the  solution  package. 

d.  With  an  additional  dedicated  effort  to  incorporate  constitutive  and  failure  material 
representations,  we  can  now  develop  a  3-D  pavement  analysis  system  for  use  by 
government  aid  the  design  community. 
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1.  Introduction 


The  Federal  Aviation  Administration  (FAA)  of  the  U.S.  Department  of  Transportation 
(DOT)  has  recognized  the  significant  limitations  of  current  pavement  design  arid  analysis 
techniques.  As  a  result,  the  FAA  has  initiated  a  multi-year  program  to  develop  a  model  capable  of 
predicting  accurately  the  useful  life  of  airport  pavements.  This  model,  a  Unified  Pavement  Design 
and  Analysis  Program  (UPDAP),  will  be  capable  of  predicting  stresses,  deformations,  and 
performance  in  any  airport  pavement  system  for  nearly  any  pavement  configuration,  material  and 
opera  ting/environ  mental  condition.  It  will  be  based  on  mechanistic  principles,  rather  than  on 
empirically  derived  relationships,  and  will  provide  pavement  engineers  with  a  comprehensive, 
flexible  analytical  tool  for  efficient  design  or  evaluation  of  new  and  existing  pavements.  For 
existing  pavements,  the  UPDAP  will  be  capable  of  integrating  inspection  data  to  establish  the 
current  state  of  the  pavement,  and  to  assess  proposed  rehabilitation  actions. 

The  benefits  of  the  UPDAP  will  be  substantial.  A  primary  benefit  to  the  FAA  will  be  the 
improved  ability  to  development  guidelines  and  standards  that  will  assure  (1)  that  federal  funds  arc 
spent  efficiently  for  the  construction,  rehabilitation  and  maintenance  of  airport  pavements,  and  (2) 
that  the  pavements  will  provide  safe  and  effective  usage  by  aircraft  and  ground  vehicles. 

The  work  described  in  this  paper  was  performed  as  the  initial  task  of  this  program.  The 
scope  of  this  task  was  tire  development  and  justification  of  a  concept  for  the  UPDAP.  A  team 
comprised  of  Baiteilc,  Resource  International,  Inc.  (RH)  and  consultants  performed  the  work  for 
the  Volpe  National  Transportation  Systems  Center  (VNTSC)  under  Contract  No.  DTRS-57-89* 
D00006,  Procurement  Request  No.  VA  1023.  The  team  combined  the  talents  or  experts  in 
pavement  technologies  from  Rfl  with  Battcllc's  experts  in  engineering  mechanics.  The  result  has 
been  the  development  erf1  innovative  concepts  and  fresh  perspectives  of  the  issues  associated  with 
pavement  modeling. 

Subsequent  sections  of  this  paper  describe  our  recommended  concept  for  the  UPDAP.  An 
overview  of  the  criteria  and  features  of  our  concept  is  presented  in  Section  2.  An  in-depth 
presentation  of  our  recommended  methodology  for  pavement  constitutive  modeling  is  provided  in 
Section  3.  Our  recommendations  for  pavement  structural  modeling  arc  presented  in  Section  4. 
Damage  modeling  considerations  are  presented  in  Section  5.  A  discussion  of  the  critical  issues 
associated  with  field  testing  of  pavement  systems  is  presented  in  Section  6.  Conclusions  and 


2.  Recommended  UPDAP  Methodology 

In  this  section  we  present  an  overview  of  our  concept  for  a  unified  theory  of  pavement 
design  and  analysis. 


2.1  General  UPDAP  Requirements 

The  basic  requirement  for  UPDAP  is  similar  to  that  for  all  comprehensive  engineering 
design/analysis  tools:  it  must  predict  accurately  the  response  of  the  physical  system  (i.e.,  the 
pavement)  under  the  range  of  expected  environmental  and  operating  conditions  and  for  both 
existing  and  new  system  configurations.  For  the  development  of  UPDAP,  the  following  modeling 
criteria  are  implicit  in  this  requirement: 

2.1.1  Theoretical  Soundness 

The  models  (material,  structural  and  damage)  included  in  UPDAP  must  be  derived  from  a 
solid  theoretical  mechanics  foundation.  This  mechanistic  modeling  approach  differs  significantly 
from  the  empirical  modeling  approaches  currently  used  for  airport  pavement  design  and  analysis. 
Empirical  models  are  derived  directly  from  laboratory  and  field  data;  therefore,  the  range  of  validity 
generally  is  limited  to  the  conhguration  and  covfrotmientel/loading  conditions  associated  with  the 
specimens  and/or  site.  Further,  empirical  models  generally  include  terms  (coefficients,  functional 
relationships,  etc.)  which  do  not  describe  explicitly  the  influence  of  the  pavement  parameters  on 
pavement  response.  In  contrast,  mechanistic  models  are  based  on  proven  mechanics  principles  and 
verified  by  critical  laboratory  cxpcriincnts  and  field  data,  Tberangcof  validity  of  mechanistic 
models  inherently  is  breeder  than  that  of  empiric  models,  because  the  pavement  system  is 
described  explicitly  in  the  model.  Thus,  the  influence  of  changes  in  the  pavement  configuration 
and  <mvironn>eut4/'c^crating  conditions  may  be  evaluated  directly. 

2.1.2  Comprehensiveness  and  Adaptability 

UPDAP  must  be  capable  of  design  and  analysis  of  the  range  of  existing  pavement 
configurations  and  loading  conditions.  Further,  the  methodology  must  be  sufficiently  flexible  to 
accommodate  new  configurations  and  loadings. 
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2.1.3  Validation 


The  models  which  comprise  UPDAP  must  be  validated  by  comparing  analytical  predictions 
to  observed  and  measured  pavement  performance  over  the  range  of  expected  pavement 
configurations,  operating  conditions  and  environmental  conditions.  This  activity  is  essential  to 
substantiate  the  modeling  assumptions  and  to  ensure  the  reliability  of  the  predictions.  Validation 
activities  must  be  repeated  as  revisions  are  made  to  the  models. 

2.1.4  Computational  Friendliness 

UPDAP  users  primarily  would  be  practicing  engineers  involved  in  the  design  and 
evaluation  of  airport  pavements.  The  software  must  be  reasonably  easy  to  use,  with  maximum  use 
of  menus. 

2.1.5  Knowledge-Based  System  (KBS) 

A  KBS  should  be  incorporated  into  the  UPDAP  which  invokes  appropriate  criteria  for 
selecting  the  most  appropriate  combination  of  material,  structural  and  damage  models,  as  well  as 
model  interactions,  for  a  given  pavement  scenario.  The  KBS  will  improve  the  accuracy  of  the 
analysis  and  decrease  analysis  time  and  cost 


2.2  Form  of  the  UPDAP 

In  our  approach,  the  UPDAP  is  comprised  of  three  basic  components:  sets  of  the  material 
models,  structural  model  and  damage  models.  The  interactions  between  these  elements,  as  well  as 
the  input/output  requirements,  are  depicted  in  Figure  2-1.  As  implied  in  the  figure,  the 
performance  of  the  UPDAP  depends  strongly  on  several  factors,  including 

a.  the  accuracy  and  validity  of  the  material,  structural  and  damage  models, 

b.  the  accuracy  and  validity  of  the  interactions  between  the  models, 

c.  the  selection  of  the  most  appropriate  models  and  model  interactions, 

d.  the  accuracy  of  the  model  parameters,  and 

e.  the  accuracy  and  validity  of  the  inputs  to  the  models  (c.g.,  applied  loads,  environmental 
conditions). 
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The  development  of  an  effective  UPDAP  will  require  substantial  laboratory  and  field  testing 
to  characterize  material  behavior,  pavement  damage  mechanisms,  environmental  and  mechanical 
(dynamic  and  static)  loads.  It  is  particularly  important  that  correlations  be  established  between 
material  performance  in  the  laboratory  ar.d  field  so  that  laboratory  test  data  may  be  used  with 
confidence  to  predict  in-situ  performance. 


2.3  Features  of  UFJAP 

The  specific  features  of  our  UPDAP  methodology  are  described  for  each  model  segment  in 
subsequent  sections  of  this  paper.  Our  UPDAP  concept  includes  the  following  significant  features: 

2.3.1  Structural  Models 

A  three-dimensional  finite-element  model  is  recommended  as  the  basic  "platform"  for  the 
UPDAP.  However,  our  preliminary  work  has  indicated  that  in  some  cases  a  two-diciensional 
model  will  predict  pavement  performance  with  sufficient  accuracy.  Therefore,  we  recommend  that 
criteria  be  established  and  used  to  select  the  simplest  credible  structural  model  for  the 
design/analysis  objective.  This  would  be  a  function  of  the  KBS, 

2.3.2  Material  Models 

A  hierarchy  of  material  models  should  be  developed  for  each  material  type.  The  selection 
of  an  appropriate  model  would  be  based  on  several  factors,  including  load  intensity,  age, 
temperature,  moisture,  and  pavement  layer/thickness.  Depending  on  these  parameters,  a  sufficient 
material  model  may  range  anywhere  from  linear-elastic  to  nonlinear,  viscoplastic. 

Our  preliminary  work  has  focused  partly  on  the  influence  of  material  model  type  on 
pavement  response,  from  which  we  have  begun  to  establish  hierarchies  of  material  models.  Model 
selection  would  be  aided  by  the  KBS  Damage  Models  and  Model  Interactions.  Strong  interactions 
exist  between  the  structural  response,  material  behavior  and  pavement  damage/distress.  The 
UPDAP  should  account  for  these  interactions  explicitly.  Our  preliminary  work  has  indicated  that 
such  phenomena  as  the  growth  of  voids  under  repeated  loading  are  important  considerations  in 
predicting  pavement  performance. 
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2.3.3  Aircraft/Pavement  Loading 

The  UPDAP  should  be  based  on  aircraft-specific,  deterministic  loading.  Once  validated  for 
this  type  of  loading,  probabilistic  methods  could  be  applied  to  the  UPDAP  to  evaluate  effects  such 
as  traffic  mix  and  climatic  variations.  Although  this  was  not  a  focus  of  our  initial  studies,  we 
believe  tbat  it  may  be  important  to  model  aircraft  loading  to  a  level  of  detail  that  includes  landing 
gear  geometries  and  suspension  dynamics.  Contrary  to  current  practice,  wheel  load  equivalency 
factors  should  not  form  the  basis  for  aircraft/pavement  loading  in  the  UPDAP. 

2.3.4  Environmental  Effects 

Environmental  factors  such  as  temperature  and  moisture  have  a  significant  effect  on 
pavement  performance,  and  should  be  included  in  the  material  models.  Our  initial  work  has 
identified  several  important  relationships  between  pavement  material  behavior  and  environmental 
condition. 


2.4  Benefits  of  UPDAP 

The  benefits  of  the  version  of  the  UPDAP  described  above  are  significant  They  include: 

2.4.1  Reduced  Construction  Costs 

The  UPDAP  will  improve  the  accuracy  of  predictions  of  pavement  performance  over 
current  techniques.  Therefore,  construction  costs  would  be  minimized  because  the  risk  of 
overdesigning  the  pavement  system  would  be  reduced. 

2.4.2  Reduced  Repair  Cost: 

Because  of  the  improved  predictive  capability  of  UPDAP,  maintenance  costs  would  be 
minimized,  also,  the  risk  of  undcrricsigning  the  pavement  system  would  be  reduced. 
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2.4.3  Increased  Pavement  Life 


By  incorporating  appropriate  damage  models  and  material/structural/damage  interaction 
schemes  into  UPDAP,  pavement  distress  can  be  predicted  and  an  appropriate  maintenance  program 
implemented  to  maximize  pavement  life. 
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3.  UPDAP  Material  Modeling 


In  this  section,  we  present  our  recommended  methodology  for  modeling  pavement  material 
behavior  in  the  UPDAP.  In  Section  3.1,  we  describe  a  generalized  constitutive  model  for 
pavement  materials.  In  Section  3.2,  we  present  our  methodology  for  treating  environmental  effects 
in  the  material  models. 


3.1  A  Generalized  Constitutive  Model  for  Pavement  Materials 

In  the  past,  researchers  and  pavement  technologists  have  addressed  the  constitutive 
modeling  concerns  of  each  pavement  layer  separately,  and  no  attempt  has  been  made  to  develop  a 
unified  material  constitutive  model  for  the  pavement  system.  In  this  section,  we  present  our 
concept  for  such  a  unified  model. 

3.1.1  Current  State  of  the  Art  in  Material  Modeling 

The  wide  variety  of  materials  which  currently  are  used  for  each  pavement  layer  (e.g., 
subgrade,  base/subbase,  pavement,  overlay)  are  presented  in  Table  3-1.  The  current  state  of  the  art 
in  pavement  material  modeling  is  summarized  in  Table  3-2. 

As  shown  in  Table  3-2,  the  subgrade  layer  typically  is  represented  as  linear/nonlinear 
elastic  (e.g.,  Programs  RISC,  OAF/OAR,  ILU-PAVE),  linear  viscoelastic  (e.g.,  VESYS),  or  as  a 
Winkler  foundation  (e.g.,  J-SLAB,  ELLI-SLAB).  Current  state  of  the  art  models  represent  the 
granular  base  and  subbase  (unbound  layers)  as  nonlinear  (stress-dependent)  elastic  systems. 

The  constitutive  models  in  ELLI-PAVE  (FEM),  OAF/OAR  (closed  form),  RISC  (closed 
form/FEM)  are  based  on  nonlinear  elastic  theory.  The  constitutive  models  for  cement  treated  base 
(CTB),  and  Dme-Flyash  (LCF)  bound  layers  are  best  described  as  linear  elastic.  The  state-of-the- 
art  models  for  the  asphalt-treated  base  (ATB)  could  be  represented  as  either  linear  elastic,  as  used 
in  ILU-PAVE,  OAF/OAR  and  RISC,  or  viscoelastic  as  used  in  VESYS.  In  ILU-SLAB  and  J- 
SLAB,  the  base  and  subbase  layers  are  represented  by  a  Winkler  foundation,  the  same  as  for 
subgrade  ltyers. 
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Table  3-1.  Pavement  Component  Selection  Matrix 


MATRIX  TYPE 

JOINTED  PLAIN 
CONCRETE 

JOINTED 

REINFORCED 

CONCRETE 

CONTINUOUS 

REINFORCED 

CONCRETE 

PRESTRESSED 

CONCRETE 

FIBER  REINFORCED 
CONCRETE 

POLYMER  CONCRETE 

HIGH  STRENGTH 
CONCRETE  ASPHALT 
CONCRETE 

POLYMER  MODIFIED 
ASPHALT  CONCRETE 

FIBER  REINFORCED 
ASPHALT  CONCRETE 

LIME/CEMENT 

FLYASH 

GRANULAR  BASE 

CEMENT  TREATED 
BASE 

SAND  ASPHALT  BASE 
ASPHALT  TREATED 
BASE 

LEAN  CONCRETE 
COHESIVE  SUBGRADE 

COHESIONLESS 

SUBGRADE 

STABILIZED  SOlT 


SUBGRADE 

(LAYER) 


X 

X 

X 


SUBBASE 


BASE 


STRUCTURE 


X 


X 


X 


X 


X 


X 

X 


X 


X 


X 


X 


X 
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Itfel®  3-2.  Capabilities  of  Existing  Pavement  Analyses  Programs 


UYER 

CONFIGURATIONS 

OVERUY 

.  AC 

•  JCP 

•  JRCP 

♦  CRCP 

RSBSHHi 

PAVEMENT 

•  AC 

.  JCP 

♦  JRCP 

•  CRCP 

•  Prestressed 

BASE/SUBBASE 

•  Bounded  Layer 

•  Asphalt  ATB 

*  Cement  CTB 

•  LCF  Treated 

•  Unbounded,  Granular 

SUBGRADE 

•  Compacted  Soil 

•  Natural  Soil 

•  Bedrock 

•  Reinforced  Earth 

•  Other  Geometries 

SPECIAL 

REQUIREMENTS 

•  Interface 

(Bonded  A  Unbonded) 

•  Crack  A  Seat 

•  Rubberized 

•  Fabrics 

•  Load  Transfer 

•  Voids 

•  WarpingfCurllnp 

•  Multi-Slab 

RISC  ILU-  ILU-  J. 

PAVE  SUB  SUB 


*  a  Winkler  Foundation 
AC  *  Asphalt  Concrete 
JPC  s  Jointed  Plain  Concrete  Pavement 


JRPC  a  Jointed  Reinforced  Concrete  Pavement 
CROP  «  Contlnuout'y  Reinforced  Concrete  Pavement 
LCF  a  Ume-Cemeni-Flyssh 


The  state-of-the-art  constitutive  models  for  the  asphaltic  concrete  (AC)  layer  which  is 
constructed  as  a  structural  layer  for  new  pavements  or  as  an  overlay  of  rigid  or  flexible  pavements 
are  either  linear  elastic  (temperature  dependent  moduli)  such  as  ILLI-PAVE,  OAF/OAR,  and 
RISC,  or  linear  viscoelastic  as  in  the  case  of  the  VESYS  program. 

State-of-the-art  material  models  currently  used  for  rigid  pavement  systems  are  based  on  a 
linear  elastic  approach,  such  as  those  found  in  OAR,  RISC,  ILLI-SLAB  and  CRCP.  The  effect  of 
geometrical  nonlinearities  such  as  cracks  in  CRCP  pavements  and  joints  in  jointed  concrete 
pavements  are  often  reflected  as  transfer  functions  or  adjustments  to  the  moduli  of  the  pavement 
layer. 


3.1.2  Mechanistic  Considerations 

From  a  micromechanics  point  of  view,  the  constitutive  laws  of  pavement  material  response 
can  be  derived  by  combining  the  basic  laws  of  chemistry  and  physics  such  as  rate  processes  of 
kinetics  of  thermal  activation. 

While  micromechanics  principles  haye  been  used  to  model  phenomena  in  penetration 
mechanics  and  high-speed  flow  problems  the  implementation  of  the  phenomena  into  an  analysis 
tool  such  as  UPDAF  must  ultimately  be  formulated  at  the  macro-level.  Therefore  from  the  practical 
standpoint  of  implementation  into  a  code  such  as  UPDAP,  the  micromechanics  approach  to  this 
mechanistic  formulation  may  have  limited  applicability. 

From  a  macromechanics  point  of  view,  a  generalized  hierarchy  of  constitutive  models  is 
needed  which  could  degenerate  into  special  cases  as  appropriate  for  different  systems.  The 
generalized  constitutive  model  should  accommodate  changing  conditions  of  pavement  throughout 
its  service  life,  such  as  crack  initiation,  crack  propagation  and  fracture,  aging  and  accumulation  of 
permanent  deformation.  The  effect  of  environment,  such  as  time,  temperature,  moisture,  as  well 
as  the  impact  of  dynamic  loads,  and  geometrical  nonlinearities  also  should  be  incorporated. 

The  constitutive  model  for  the  UPDAP  must  be  a  formalized  model  to  incorporate  all 
unique  features  of  each  pavement  component  materials  and  with  consideration  to  various 
environmental  and  loading  condition.  In  the  formulation  of  a  generalized  constitutive  model,  one 
should  recognize  that  material  behavior  is  generally  too  complex  to  develop  a  single  universal 
model  for  all  environmental  and  loading  conditions.  However,  considering  the  need  for  theoretical 
soundness  and  ease  of  numerical  performance,  we  propose  a  hierarchy  of  constitutive  models  for 
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various  pavement  component  layers.  This  would  be  used  together  with  a  KBS  which  would  aid  in 
selecting  the  most  appropriate  model  for  a  given  application. 

A  hierarchical  approach  permits  the  development  of  progressively  mote  complex  and  higher 
order  models  from  simple  and  basic  constitutive  models.  Starting  from  the  most  basic,  elastic 
viscoplastic  model  with  isotropic  hardening  and  associated  FLOW,  one  could  develop  more 
complex  models  with  inherent  and  induced  anisotropy  and  non-associative  flow  behavior  (Figure 
3-1). 


The  basic  assumptions  are  that: 

a.  Deformations  are  small  enough  to  disregard  the  nonlinear  terms  of  the  strain- 
displacement  relationship.  This  should  be  a  reasonable  assumption  for  pavement 
systems. 

b.  Elastic,  plastic  and  viscoelastic  deformation  are  uncoupled  (Figure  3-1).  This  is, 
however,  not  a  requirement  Phenomenological  constitutive  theories  which  do  not 
distinguish  between  time-independent  (plastic)  and  time-dependent  (viscoelastic, 
viscoplastic,  creep)  could  be  considered  later  in  the  program. 

c .  The  distinction  between  the  volumetric  and  deviatoric  deformation  is  essential,  once  the 
linear  threshold  has  been  exceeded.  The  volumetric  and  deviatoric  deformation,  have, 
in  turn,  reversible  and  irreversible  deformation  components  (Figure  3-2). 


Figure  3-1,  Elements  of  a  Generalised  Constitutive  Model 
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Figure  3-2.  General  Deformation  Chart  for  Granular  Multi-Phase  Material 

d.  The  volumetric  irreversible  (both  time  dependent  and  instantaneous)  deformation  is 
induced  not  only  by  excessive  volumetric  stress  (which  performs  Positive  Work  in  this 
case)  but  also  by  excessive  shearing.  In  the  latter  case  volumetric  stress  performs 
Negative  Work  on  volumetric  strain.  This  phenomenon  is  termed  Dilation.  Physically, 
the  shear  distortion  results  in  rearrangement  of  particles  of  aggregate,  so  that  the  total 
volume  increases  (Figure  3-3). 

The  volumetric  irreversible  deformation  due  to  volumetric  stress  occurs  not  only  for  high 
stress  but  also  initially.  The  virgin  material  contains  air  voids  and  the  particles  are  not  arranged  in 
an  optimal  way.  When  subjected  to  low  stresses  the  material  exhibits  Densification  -  an 
irreversible  volumetric  deformation.  Figure  34  illustrates  graphically  the  above  discussion. 

The  volumetric  irreversible  time-dependent  positive-work  deformation  has  not  been 
experimentally  evidenced  and  is  included  in  the  chart  only  for  theoretical  completeness. 

3.1.3  Plasticity 

The  pavement  component  materials,  such  as  soils,  aggregate  matrix,  concrete  and  asphalt, 
all  exhibit  the  nonlinear,  inelastic  and  rare  independent  response  characteristics  suited  for  plasticity 
theory.  The  elements  describing  the  constitutive  laws  based  on  the  theory  of  plasticity  aim 
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Figure  3-3,  Deformation  Chart  lor  Granular  Ifuttl-Phaee  Material 
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Experiments  with  hydrostatic  pressure  show  good  agreement  with  the 
above  rnodeL  However,  two  questions  remain  unresolved: 

l  Does  the  densification  limit,  as  defined  above,  depend  on  the 
deviatoric  stress? 

ii.  Does  the  same  limit  depend  on  stress  history? 


Figure  3-4.  Schematic  Modal  of  Dafisillcatlon 


a.  yield  condition  i 

b.  flow  rule 

c.  hardening  rule 

The  yield  function  F,  defines  the  limit  of  elastic  deformation  expressed  by  the  stress  state. 
Under  a  three-dimensional  stress  state,  the  yield  function,  F,  is  very  complex  and  not  only 
dependent  on  die  stress  invariants  but  also  on  the  joint  or  mixed  invariants  of  stress  and  plastic 
strain  tensors. 

The  hierarchical  approach,  as  was  indicated  earlier,  permits  development  of  more  complex 
functions,  such  as  those  presented  by  Desai  [1]. 

The  scalar  function  F,  the  yield  criterion  is  given  by: 

F  «  F(Ji,IPk.Kj,Am) 

where 

Ji(i  «  1,2,3)  -  invariant  of  stress  tensor 

ljjP(i  a  l  ,2,3,4)  »  invariant  of  plastic  strain  tensor 
Kj(i «  1 ,2,3,4)  a  joint  or  mixed  invariant 

Am  =  internal  state  variable. 

Since  the  identification  and  determination  of  the  yield  function  is  a  considerable  task,  it 
requires  a  series  of  different  stress  path  tests.  We  recommend  that  the  simple  function  form  of  a 
yield  surface  be  assumed  as  the  basic  model.  Since  pavement  materials  are  granular  composites, 
which  in  general  exhibit  dependency  on  the  volumetric  stresses,  the  following  Dnicker-Prager 
yield  function  (an  extended  Von-Mises  criteria)  which  considers  ail  principal  stresses,  is 
recommended  because  of  its  simplicity  arid  convenience  for  computer  implementation  (figure  3-5): 

F  =3  J2£)i/2  -  aJj  -  k  =  0 

where 

F  =  yield  function 

J2D  =  2nd  invariant  of  deviatoric  stress  tensor 
It  =  ltt  in  variant  of  stress  tensor 

a,k  &  material  constants 
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Figure  3-5.  Intersection  of  Yield  Surface  with  the  Triaxlal  Piano 


where  1 

Jl  =  Cl  +  CT2  +  O3  =  3Coct 

J2D  =  i/6[(C!  -  C2)2  +  (C2  -  C3)2  +  (C3  -  Cl)2] 

a,k  =  material  constants  (a  =  0  for  purely  cohesive  clay) 

The  Drucker-Prager  function  does  not  incorporate  the  third  stress  invariant  J3,  and  has 
limitations  for  materials  which  exhibit  strong  stress  path  as  well  as  confining  pressure  dependency. 

3.1.4  Flow  Rule 

In  the  theory  of  plasticity,  the  strain  increments  d£  jj  due  to  the  stress  dey  are  decomposed 
into  elastic  and  plastic  parts  such  as: 

d£jj  =  d£y  c  +  d£pij 

In  the  theory  of  plasticity,  the  incremental  plastic  strain  de^jj  is  defined  by  a  function  gj, 
called  plasdc  potential,  which  is  a  function  of  state  of  stress,  Ojj. 

For  some  materials,  the  plastic  potential,  Q,  and  yield  function,  F,  can  be  assumed  to  be  the 
same.  Such  materials  follow  the  so-called  "associated  flow"  rules  of  plasticity.  The  associated 
flow  rule  assumes  that  the  plastic  strain  increment  is  normal  to  the  yield  surface  in  the  principal 
stresses  space.  It  usually  predicts  significantly  higher  dilation  than  experiments  suggest.  On  the 
other  hand,  the  nonassociated  flow  rule  that  assumes  only  deviatoric  flow  would  not  predict  any 
dilation.  Experiments  suggest  that  dilation  in  AC  matures  is  much  higher  than  in  soils.  The 
proper  identification  of  the  plastic  potential  function  (the  direction  of  flow  in  the  strain  space)  is  a 
task  that  requites  sophisticated  testing  procedures  and  testing  techniques. 

As  a  first  step  toward  the  development  of  basic  model  (simplest  credible  model),  we 
recommend  the  adoption  of  the  associated  flow  rule.  Obviously  the  hierarchical  approach  would 
later  on  lead  to  the  development  of  the  "nonassociated"  flow  rule  if  needed. 

3.1.5  Hardening  Rule 

Experimental  results  on  various  pavement  component  materials  have  indicated  that  some 
strength  gain  or  strain  hardening  is  observed  after  the  elastic  limit.  The  hardening  rule  is  intended 
to  define  the  process  of  strength  gain  during  moamonic  or  cyclic  loading.  Granular  composites 
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such  as  soils,  asphalt  and  concrete  could  exhibit,  isotropic  hardening,  kinematic  hardening  or 

* 

combination  of  isotropic  and  kinematic  hardening. 

For  the  most  basic  model,  we  recommend  applying  an  isotropic  hardening  rule  (see 
Figure  3-6). 

3.1.6  Densification 

Densification  can  be  interpreted  as  a  form  of  plastic  behavior.  However,  it  occurs  initially 
at  low  stress  levels,  as  opposed  to  yield  surface  plasticity,  in  which  plastic  deformation  occurs  after 
a  threshold  value  of  stress  is  reached.  It  is,  therefore,  modeled  separately  as  an  irreversible  volume 
change  proportional  to  the  volumetric  stress,  up  to  a  certain  limiting  stress  level  (see  Figure  3-7). 

It  is  also  assumed  that  no  coupling  occurs  between  plastic  and  viscous  deformation.  Viscous 
deformation  occurs  for  any  stress  level  while  the  plastic  deformation  occurs  only  when  the 
threshold  condition  is  satisfied.  The  one-dimensional  representation  using  classical  spring, 
dashpot  and  slider  rheological  models  would  have  all  major  elements  connected  in  series. 

3.1.7  Viscous  Behavior  -  Time-Dependent  Irreversible  Deformation 

The  pavement  component  materials,  such  as  asphaltic  concrete,  asphalt  treated  base,  clay, 
and  lean  concrete,  exhibit  time-dependent  irreversible  (viscous)  deformation.  For  moderate 
stresses  and  strains,  the  linear  viscous  behavior  usually  is  assumed,  while  for  higher  stresses  and 
strains  the  nonlinearity  becomes  apparent  Various  nonlinear  viscous  models  have  been  presented 
in  the  literature  for  both  shear-thinning  and  shear-thickening  materials. 

In  the  basic  model,  the  linear  model  should  be  adopted  until  the  experimental  data  has 
identified  material  and  geometric  nonlincarities.  The  volumetric  viscous  deformation  (V2)  is 
experimentally  evidenced.  However,  its  magnitude  is  seen  to  be  small  compared  to  other 
components.  The  modeling  of  this  component  would  require  a  very  complex  viscous  model. 
Herein,  we  recommend  that  only  the  deviatoric  viscous  ^formation  (VI)  be  modeled  (Figure  3-2). 

In  addition,  due  to  the  time-dependent  nature  of  deformation,  for  loads  of  long  duration, 
the  strains  exceed  the  range  of  small  strain  assumption  and  geometric  nonlincarities  should  be 
considered. 
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PJflurt  3-6.  Models  for  Hardening  Functions  st  74°F 


Confining  Stress  (psi) 


3.1.8  Time-Dependent  Reversible  Viscoelastic  Behavior 

Experimental  evidence  indicates  that  most  pavement  component  materials,  such  as  asphaltic 
concrete,  asphalt  treated  base,  subgrade  clay  and  Portland  cement  concrete,  exhibit  some  degrees  of 
time-dependent  reversible  deformation.  The  generalized  Kelvin  model,  GKM,  with  as  many  as  1 
to  5  Kelvin  units  has  been  used  to  describe  the  "delayed  elastic"  response  of  various  pavement 
component  materials  (Figure  3-8).  hi  a  basic  and  simple  model,  both  elastic  and  viscous 
components  are  assumed  to  be  linear,  whereas  in  more  complex  models,  presented  for  concrete  and 
soils,  the  Newtonian  linear  viscous  element  has  been  replaced  by  nonlinear  viscous  elements 
governed  by  power  law,  Sinh  law,  and  more  complex  equations. 
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Figure  3-8.  One-DImtnslonal  Model  of  Asphaltic  Concrete 

3.1.9  A  Hlerarchel  Concept:  Toward  a  Complex  Model 

Although  the  application  of  a  basic,  simplest  credible  model  as  discussed  previously  may 
suffice  tor  most  conditions,  more  complex  constitutive  laws  may  be  required  for  granular 
composite  materials,  such  as  asphalt  concrete,  portland  cement  concrete  and  aggregate  base  and 
lime/ccment/aggregate  materials  subjected  to  complex  stress  states. 

The  more  complex  model  should  include  the  following  features  (after  Desai  [1]X 
1 .  Yield  function  to  be  expressed  in  terms  of  Ji,  ^  J3,  or  and  J313 
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2 .  Yield  function  to  be  a  single  yield  surface,  rather  than  two  intersecting  yield  functions; 
such  condition  reduces  the  number  of  required  parameters  as  compared  to  the 
multisurface  models  presented  in  literature. 

As  an  example,  one  of  many  hierarchical  models  may  have  the  general  form  of  the  yield 
function  F  as  follows: 

F  =  J2d-(oJi  +  8J?)(1  -  pSi)m  =  0 


where 

Si=JM& 

m  =1/2 

n,a,p,S  are  constants 

3.  For  materials  having  cohesion  and  tensile  strength  the  stress  terms  in  this  equation  are 
increased  to  include  tensile  strength,  R. 

Oi*  =  0i  +  R 
02*  s  02  +  R 
o3*  =  03  +  R 

4 .  The  model  is  expected  to  represent  Portland  cement  concrete,  asphaltic  concrete,  and 
aggregate  base. 

3 .  The  model  includes  material  constants  which  can  simulate  hardening  and  include  the 
effects  of  stress  path,  volume  change  and  coupling  of  shear  and  volumetric  responses. 

3.2  A  Micro-Rheological  Approach  to  the  Development  of 
Primary  Response  Environmental  Models 

The  primary  and  ultimate  response  of  pavement  component  materials  are  influenced  by  a 
wide  range  of  environmental  variables,  such  as  temperature,  moisture,  oxidation  and  age 
hardening,  curing,  frost  damage,  expansion  and  contraction,  etc.  In  this  paper,  only  the  influence 
of  environment  on  the  primary  response  of  pavement  component  materials  is  discussed. 

The  effect  of  environment  on  the  pavement  performance  shall  include,  but  not  be  limited  to 
moduli  of  elasticity,  and  creep  compliance,  relaxation  modulus,  dynamic  and  loss  modulus,  or 
viscoelastic  modulus,  rutting  and  cracking  parameter,  which  describe  the  primary  response  of 
pavement  structure.  The  effects  of  environment,  such  as  temperature,  moisture,  age  hardening, 
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curing  and  maturity,  have  been  observed  in  all  components  of  pavement  structures  such  as  soil- 
cement,  soil-aggregate,  asphaltic  cement,  portland  cement  concrete,  lime  cement  flyash  and  others. 

In  this  section  we  present  a  concept  for  a  unified  environmental  model  for  all  pavement 
component  materials  based  on  the  principles  of  microrheology,  in  which  the  flow  and  deformation 
are  controlled  by  the  thermally  activated  processes.  These  processes  in  turn  are  dependent  on 
temperature  and  activation  energy,  AE,  which  represent  the  energy  barrier  required  for  the 
deformation  process.  Depending  on  the  complexity  of  the  deformation  phenomena  and  the  number 
of  micromechanisms  involved,  the  activation  energy  may  attain  a  wide  range  of  values. 

When  two  operating  micromechanisms  depend  on  each  other,  the  process  with  the  largest 
activation  energy  controls  the  deformation.  On  the  other  hand,  the  reverse  is  true  when 

micromechani sms  are  independent  of  each  other.  Therefore  in  a  complex  body,  it  may  not  be 
possible  to  determine  the  activation  energy  AEj  for  each  process  explicitly.  Instead,  an  apparent 

activation  energy  can  be  determined  to  represent  the  deformation  of  the  material  body.  In 
viscoelastic  materials  such  as  bituminous  mixtures,  it  is  often  assumed  that  the  material  is  a 
thermorheologically  simple  system.  That  is,  it  is  considered  that  the  deformation  process  is  only 
governed  by  a  single  thermally  activated  process.  This  assumption  simplifies  the  analysis  of 
deformation  and  flow  in  rheological  bodies. 

In  theologically  simple  material  such  as  asphaltic  concrete,  polymer/asphaltic,  asphalt 

aggregate  systems,  the  effect  of  environment  is  often  represented  by  a  temperature-dependent 
function,  ay,  which  is  related  to  the  activation  energy  and  temperature.  In  soils,  however,  the 

energy  of  cohesion  or  binding  energy  which  is  also  related  to  the  activation  energy  and  in  turn  to 
the  moisture  content  and  clay-fabric  structure,  reflect  the  influence  of  environment  The  aging 
phenomena  which  are  observed  as  age  hardening  in  the  asphaltic  and  polymeric  pavement 
structure,  and  as  maturity  in  cementitous  material  such  as  lime  flyash,  portland  cement  concrete  are 
also  dependent  on  the  activation  energy,  temperature  and  time.  In  the  following  sections  various 
pnmary  response  environmental  models  are  discussed. 

3.2.2  Moisture  and  Temperature  Effects 

Moisture  and  temperature  effects  will  be  accounted  for  in  the  following  model  through 
adjustment  to  the  material  modulus  and  describing  an  effective  modulus  that  is  dependent  on  time, 
temperature  and  moisture. 
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The  principles  of  rate  processes  theory,  activation  energy  and  the  energy  barrier  can  be 

V 

applied  to  temperature  and  moisture  sensitive  materials  such  as  soils,  soil-aggregate  system  and 
even  biological  systems  which  are  both  temperature  and  mixture  dependent 

Assuming  that  a  material  is  either  a  thermorheologically  and/or  hydrorheologically  simple 
or  both,  as  suggested  by  Hammerle  and  Mohsenin  [2],  the  viscoelastic  functions  such  as  relaxation 
curves  can  be  shifted  to  obtain  a  consolidated  or  "master"  curve  for  the  material.  To  demonstrate 
the  meaning  of  shifting  the  curves  let  Ej^(t)  be  the  relaxation  function  at  some  moisture,  and  let 

Emo(0  be  the  relaxation  function  at  some  reference  moisture,  one  can  then  write 

EM(t)  =  Ewo(t)aM(M)  (5) 

where 

aj^  =  shift  factor 

The  quantity  a^j(M)  is  called  the  reduced  time  or  pseudotime. 


For  materials  which  are  both  thermoiherologically  and  hydrorheologically  simple  material, 
the  relaxation  master  curve  could  be  represented  by  a  generalized  equation: 


BGXTJ  -  E*  *  E.ccp  -)  +  ...  +  E^pf  JV  1 


aiCI>M(M) 


aiCT)aM(M) 


(6) 


in  which 

ar(T)  =  temperature  shift  factor 

&m(M)  =  moisture  shift  factor 

<Xj(j  =  1 ,2,..n)  =  inverse  of  the  characteristic  time  of  the  Maxwell  element 
Ej(j  =  1  »2,..n)  =  a  constant 

Eq  =  a  constant 


This  principle  has  been  applied  to  determine  the  relaxation  modulus  of  com  endorspenn,  as 
shown  in  Figure  3-9.  The  shift  functions  are  as  follows: 

log  aT  *  0.23  - 1.1 14  (T  -  40°) 
log  aM  =  0.136- 0.278  (M  - 14.4%) 


so  thru  the  master  curve  is  given  by 
5 

E(t,M,T)  =  Eo  +  £  =1  Ej  exp(oti/araM)  (7) 

j-i 
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Figure  3-9.  Relaxation  Modulus  Master  Curve  for  the  Com  Endosperm 
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Here  the  relaxation  modulus  is  represented  by  a  spring  and  5  Maxwell  elements  is  parallel. 


Assuming  that  soils  are  hydrorheologically  simple  materials,  the  principles  of  moisture 
dependent  function  aM  has  also  been  applied  to  compacted  silty  clay  soils.  Majidzadeh  et  al.[3] 
have  applied  the  concept  of  time-moisture  superposition  to  compacted  silty  clays  (where 
temperature  effects  are  not  considered)  and  developed  moisture  shift  functions  in  the  form  of 
Figure  3-10. 


aM  =  ec<w-w‘>) 


(8) 


where 

w 

W 

C 

C 


=  moisture  content 
=  optimum  moisture  content 
=  1.07  for  wet  side  of  optimum 
=  -0.53  for  dry  side  of  optimum 


Given  these  shift  functions,  the  permanent  deformation  for  moisture  content  on  the  wet  and 
dry  sides  of  optimum  are  given  by  Figures  3-1 1  and  3-12,  respectively. 


ep/N  =  0.00139  N‘°-9l8cxp  (1.07(W-Wo)  +  Bfo^Cui,)) 

and  for  the  dry  side  of  optimum 

ep/N  »  0.000879  N-^cxp  (-0.53<W-Wo)  +  B^^Ouii)) 


(9) 


(10) 


where 


Ep  »  pemiaiwnt  defamation 

N  »  number  of  load  application 

aapp-  °ult  19  applied  and  ultimate  stress  and  strength,  respectfully. 


3.2.3  Aging  and  Maturity 

Pavement  component  materials,  such  as  asphaltic  materials,  soil-cement,  line-cemcnt  flyash 
and  portland  cement  concrete  exhibit  time  and  temperature  dependencies  reflected  by  aging  of  the 
binder  in  the  mixture,  as  well  as  maturity  of  cementations  component  Research  results  have 
shown  that  the  degree  of  aging  and  hardening  asphalt  mixtures  are  related  to  the  change  in  the 
energy  of  activation,  given  by: 
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Moisture  Shift  Function 


Figure  3-10.  Kffolsturt  Shift  Function  for  Silty  Cloy 
(Dovolopod  by  ftloji&todch  ot  ol.  (3}) 
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e JNX(w),  I  O'3/ Load  Cycle  (log) 


94 


load  Cycles  N  (leg) 


Rguro  3-11.  tlutor  Ctirvo  for  Rutting  on  Wot  $I4o  of  Optimum 
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e/NX(w),  10*/ Load  Cycle  (log) 


95 


Load  Cycles  N  (log) 


Figure  3-12.  Master  Curve  (or  Rutting  on  Dry  Side  of  Optimum 


AI  =  exp(aa/otu)  •  exp  [(AEa  -  AEu)/RTj 


(11) 


where  the  subscripts  a,  u  refer  to  aged  and  imaged  asphaltic  concrete,  respectively. 

Similar  recent  results  have  also  shown  that  viscoelastic  parameters,  such  as  creep 

compliance  J(t)  and  the  distribution  function  of  reduced  time  as  well  as  discrete  model  parameters 
Aj,  are  influenced  by  the  aging  process  as  given  by: 

Ei  or  AiOc(AI)n 
or 

aA  =  f(AI)  =  f(AE„AEa,T) 

The  effect  of  aging  on  creep  compliance,  J(t)  and  retaidation  distribution  function  is  shown 
in  Figures  3*13  and  3*14. 

3.2.4  Th©  Environmental  Function  (eg) 

Based  on  the  foregoing  discussion  one  could  postulate  that  there  exists  a  fundamental 
environmental  parameter,  aj?  which  is  a  function  of  temperature,  moisture,  aging,  and  maturity, 

and  the  activation  energy,  i.e., 

aE  =  aE(aM,ar»aA) 

Therefore,  a  unique  environmental  shift  function  could  be  developed  to  encompass  a  broad 
range  of  environmental  concerns. 
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Reduced  Compliance ,  -7*7/7  (Inch2Ab  X  10~4) 


Reduced  Time,  t/(tr  (Seconds) 


Figure  3*13.  Master  Creep  Curve  for  Sand  Asphalt 
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Distribution  of  Retardation  times  X  10~*,  Inch/inch/pgj  Sec 


Figure  3-14.  Distribution  of  Retardation  Times  for  Sand  Asphalt 
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4.  UPDAP  Structural  Modeling 


Our  recommended  UPDAP  concept  is  based  on  the  primary  response  model  which  includes 
the  interactions  of  the  structural,  material  and  damage  models.  The  importance  of  accounting  for 
the  interactions  between  these  models  cannot  be  overemphasized.  In  this  section,  we  will  discuss 
die  role  that  the  structural  model  plays  in  the  UPDAP  and  the  various  factors  that  must  be 
accommodated  in  this  model. 


4.1  Structural  Modeling  Considerations 

There  are  a  variety  of  modeling  methods  available  for  the  analysis  of  structural  systems. 
These  essentially  consist  of  closed-form  solutions,  various  discretization  schemes  (e.g.,  finite 
difference  and  finite  element  analyses)  and  combinations  of  these  methods  (hybrid  models) 
Depending  on  the  objective  of  the  analysis  and  the  characteristics  of  the  modeled  system,  one 
method  may  be  more  advantageous  than  the  other  methods.  However,  generally  speaking,  closed- 
form  solutions  commonly  are  employed  in  the  case  of  linear  systems  and  also  are  typically  used  for 
one-  and  two-dimensional  analyses.  The  obvious  appeal  of  the  closed  form  approach  lies  in  the 
computational  speed  associated  with  the  solution  and  the  straightforward  approach  to  sensitivity 
studies. 

However,  closed-form  solutions  are  difficult  to  employ  when  nonlinear  phenomena  are 
involved  in  the  structural  system.  These  nonlinear  phenomena  can  result  from  inelastic  material 
response  characteristics,  geometrical  nonlinearities  and  the  presence  of  pavement  related  anomalies 
such  as  voids,  joints,  boundary  conditions  between  pavement  layers  (bonding  to  slippage),  etc. 

Over  the  past  25  years,  discretization  procedures  have  become  increasingly  employed  in  the 
solution  of  structural  systems  because  of  the  enormous  improvement  in  computational  techniques, 
both  in  the  software  and  the  hardware  aspects  of  the  solution  procedure.  Large  structural  models 
involving  many  thousands  of  degrees-of-freedom  are  routinely  exercised  today,  using  a  variety  of 
general-purpose  computer  codes  on  a  number  of  types  of  computer  systems  (mainframes,  work 
stations  and  PCs).  Probably  the  roost  popular  technique  in  use  today  and  for  the  foreseeable  future 
represents  the  structure  as  discrete  elements.  Finite  element  representation  possesses  the  ability  to 
incorporate  three-dimensional  effects  and  anomalies  (vends,  cracks,  joints,  edges,  etc.)  explicitly 
into  the  simulation,  although  the  calculations  resulting  from  inclusion  of  such  nonlinearities  may 
increase  execution  times  significantly. 
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The  hybrid  solution  method  combines  closed-form  solutions  and  the  finite  element  method. 
Hybrid  solutions  will  probably  play  an  important  role  in  the  analysis  of  structural  systems  in  the 
future  because  of  the  ease  with  which  these  methods  can  be  joined  and  the  added  simplicity  which 
may  be  accomplished  with  incorporation  of  the  closed-form  into  the  finite  element  representation 
when  appropriate. 

Based  on  these  considerations,  we  believe  that  a  three-dimensional  finite  element  capability 
generally  will  be  required  to  solve  pavement  design  problems  in  future  applications,  and  should  be 
the  primary  structural  modeling  tool  for  the  UPDAP. 

It  appears  that  the  improvements  in  the  use  of  the  finite  dement  method  (FEM)  are  almost 
without  bound  for  future  use.  The  need  to  improve  element  types,  numerical  convergence, 
algorithm  efficacy,  solution  accuracy  and  speed,  and  the  desire  for  solution  on  smaller,  faster 
computers  are  the  objectives  of  the  present  research  and  development  work.  Thus,  we  believe  that 
it  is  premature  to  select  existing  FEM  computer  codes  for  structural  response  modeling  in  UPDAP. 
We  expect  that  advancements  in  structural  modeling  software  and  computer  hardware  will  continue 
at  a  rapid  rate,  and  the  development  of  the  UPDAP  over  the  next  few  years  should  be  tailored  to 
incorporate  these  advancements 

We  recommend  the  incorporation  of  a  KBS  into  the  UPDAP,  with  the  capability  for 
selecting  the  type  and  complexity  of  finite  dement  representation  needed  to  design  and  analyze  any 
type  of  pav ,  nem  system.  The  KBS  also  would  select  the  appropriate  representations  of  the 
environmental  conditions,  pavement  material  types,  and  structural  anomalies  and  features.  The 
essei  ,ai  point  here  is  that  in  order  to  accommodate  and  account  for  all  of  these  effects,  a  three- 
dimensional  finite  element  representation  will  be  necessary. 

4.2  Current  Methods  of  Analyses 

Current  methodologies  employed  in  the  structural  analysis  of  pavement  systems  fall  into 
one  of  two  categories:  rigid  or  flexible.  If  the  pavement  structure  has  characteristics  which  are  not 
consistent  with  those  associated  with  "flexible"  or  "rigid"  pavements,  neither  methodology  may  be 
effective  for  predicting  pavement  response  and  performance.  However,  the  current  structural 
analysis  codes  can  treat  a  multilayered  (usually  linear-elastic)  pavement  configuration  and  predict 
the  stress  and  vertical  displacement  distributions  throughout  the  layered  system.  These  calculation 
schemes  are  limited  by  the  number  of  layers  and  types  of  material  constitutive  characteristics  that 
can  be  ascribed  to  each  layer.  These  models  are  also  limited  by  their  inability  to  accommodate  most 
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pavement  anomalies  in  their  calculation  schemes.  These  limitations  will  be  significant  in  the  future 
when  analysis  of  airport  pavements  must  include  die  effects  of  the  next  generation  of  commercial 
transports  that  can  have  gross  weights  of  over  one  million  pounds. 

For  the  large  applied  loads  associated  with  such  aircraft,  the  interaction  of  the  damage, 
material  and  structural  models  is  critical  for  the  accurate  prediction  of  pavement  response  and 
performance. 

4.3  Structural  Modeling  Case  Studies 

It  was  stated  in  our  earlier  discussion  that  it  would  be  inappropriate  to  focus  on  a  single 
FEM  computer  code  for  use  in  the  UPDAP.  An  important  feature  of  our  UPDAP  concept  is  that  it 
has  a  modular  form,  with  "stand-alone”  modules  (e.g.,  the  primary  response  model)  which  are 
appropriately  linked.  To  achieve  this  form,  the  structural  model  should  not  only  accommodate 
various  structural  pavement  characteristics  (e.g.,  joints,  voids),  but  also  should  accommodate 
various  material  constitutive  models  and  damage  mechanisms.  We  performed  studies  to  investigate 
the  importance  of  these  features  in  predicting  pavement  response. 

Our  initial  studies  included  the  development  of  pavement  finite  element  models,  which  were 
exercised  to  investigate  the  influence  of  material  models  on  predicted  pavement  response.  The 
models  were  developed  using  ABAQUS,  a  commcrcially-availablc  finite  element  code  which  is 
used  widely  in  the  engineering  (and  particularly  the  structures)  community.  ABAQUS  was 
selected  for  our  studies  primarily  because  it  contains  a  comprehensive  library  of  advanced  material 
models  for  pavement  materials. 

We  evaluated  two  airport  pavement  configurations.  One  configuration  consisted  of  an  18- 
inch-thick  PCX)  layer  on  12  inches  of  granular  base  and  a  90-inch  clay  subbase.  The  other 
configuration  consisted  of  an  18-inch  thick-asphalt  concrete  layer  on  the  same  base  and  subbase 
(see  Figure  4-1).  For  simplicity,  the  static  landing  gear  was  represented  as  a  circular  footprint  with 
constant  load  (pressure)  intensity.  The  axisymmetric  nature  of  these  examples  required  that  the 
boundary  conditions  along  the  centerline  of  the  applied  load  prevent  horizontal  (redial)  motion  and 
admit  vertical  displacements.  The  interface  between  the  different  layers  was  assumed  to  be  fully 
bonded.  This  assumption  was  used  for  slmpUftcation  purposes.  Tire  boundary  at  the  far  right  side 
of  the  load  provides  for  vertical  displacements  but  no  radial  motion.  The  bottom  of  the  subbase  is 
considered  to  be  simply  supported 
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Ftguro  4-1.  Idealized  Airport  Pavamont  Configuration 
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We  have  assumed  that  for  future  applications,  tire  pressures  will  be  limited  to  300  psifj. 
Consequently,  we  generated  a  finite  element  mesh  that  is  appropriate  for  loads  up  to  the  maximum 
weight  expected  for  the  next  generation  commercial  transport  (about  1.3  million  gross  pounds). 
Assuming  a  configuration  for  this  aircraft  of  four  main  gear  struts  and  four  wheels  per  strut,  we 
derived  an  effective  load  of  309,000  lbf  applied  over  a  circular  footprint,  with  an  effective  load 
radius  of  about  18  inches.  It  has  been  established  [4]  that  the  extreme  (right  side)  boundary  in  the 
structural  representation  (located  at  R  in  Figure  4-1)  be  positioned  so  that  R  >  lOr.  Based  on  this 
criteria,  we  chose  R=200  inches. 

The  finite  element  mesh  included  164  nodes,  520  elements,  and  3282  degrees-of- freedom. 
The  elements  under  and  in  the  vicinity  of  the  applied  load  are  small  (fine  mesh)  and  those  in  the 
lower  layers  and  radially  removed  from  the  vicinity  of  the  applied  load  are  less  fine.  (See 
Figure  4-2.) 

4.3.1  FCC/Granular  Base/Clay  Subbase  Pavement  System 

Linear  and  nonlinear  solutions  were  compared  for  the  configuration  consisting  of  PCC, 
granular  base  and  clay  subbase.  For  the  linear  case,  the  three  pavement  layers  were  assumed  to 
possess  linear  elastic  material  characteristics.  For  the  nonlinear  cases,  all  three  layers  were 
represented  by  appropriate  inelastic  characteristics 

For  the  linear  case,  the  following  values  were  used: 

Concrete:  E  «  4.15  x  10®  psi 

\>«0.15 

Granular  Base:  E«  30,000  psi 
u  =  0.3 

Clay  Subbase:  E  »  8,000  psi 
v»0.45 
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Coots*  mesh 


Fleur*  4-2,  Flnlta  Elamant  Utah  In  tha  Vicinity  ol  the  Appllad  Load 
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For  the  nonlinear  (inelastic)  case,  the  following  parameters  were  used: 

Concrete:  Yield  Stress  =  3000  psi 

Failure  Stress  =  550  psi 
Plastic  Strain  =  1.5  x  10‘^  (at  failure) 

Tension  Stiffening  Included 

Granular  Base:  Friction  angle,  (1  =  50  degrees 

(Extended  Associated  Flow,  ¥  =  B 

Drucker-Prager)  Third  stress  invariant  Factor  K  =  1.0 

Gay  Subbase: 

Initial  response:  Porous  Elastic 

Log/Bulk  Modulus  =  0.0002  1;  G  =  2758  psi 

Plasticity:  Critical  State  Ratio  M  -  1.0 

Consolidation  Parameter  103.56 

Third  Stress  Invariant  Factor  K  =  1.0 
Initial  Void  Ratio  c=0,Q8 

The  results  of  the  linear  case  woe  compared  to  predictions  from  a  typical  multilayer 
analysis  procedure,  called  Elastic  Linear  Half  Space  Analysis  (ELHSA-5).  The  results  compared 
well,  and  provided  some  level  of  verification  of  our  model 

It  has  been  observed  that  for  a  relatively  thick  rigid  pavement  that  is  supported  on  a  sound 
base  and  subbase  system,  the  major  portion  of  the  applied  load  will  be  reacted  in  the  PCC  layer. 
Consequently,  the  supporting  layers -incur  case  the  granular  base  and  clay  subbase  -  will 
experience  very  low  levels  of  stress.  The  results  of  our  inelastic  analyses  were  consistent  with 
these  observations.  Since  the  major  portion  of  the  applied  load  was  reacted  by  the  PCC  layer, 
failure  in  the  form  of  cracking  occurred  initially  in  the  bottom  fibers  of  the  concrete  slab. 

The  constitutive  material  model  employs  tension  stiffening  capability  for  the  concrete  layer 
elements.  Thus,  the  cracked  clement  can  support  some  tensile  load  immediately  after  the  onset  of 
cracking,  border  to  accommodate  this  effech  a  shear  imbalance  wiDttm  in  the 
This  shear  imbalance  will  in  turn  be  equilibrated  by  a  tensile  force  acting  in  the  vertical  direction  oo 
the  top  of  the  cracked  element  Thus,  under  the  applied  load  at  the  bottom  fibers  of  the  rigid  slab, 
the  elements  that  arc  cracked  can  exhibit  a  vertical  tensile  stress. 
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The  influence  of  applied  (gear/wheel)  load  on  pavement  response  was  evaluated  for  this 

\ 

configuration.  For  simplicity,  we  held  the  pressure  constant  (300  psi)  and  varied  the  effective  load 
radius  over  a  range  that  represented  various  aircraft  configurations  (727,747,  HSCT,  etc.).  Since 
the  load  required  to  induce  cracking  in  the  concrete  layer  is  not  the  same  for  all  aircraft 
configurations,  we  performed  a  parameter  study  to  determine  the  pressure  required  to  initiate 
cracking  as  a  function  of  the  load  radius  associated  with  several  aircraft  configuration.  The  results 
of  this  study  are  presented  in  Figure  4-3  where  the  data  are  labeled  with  the  aircraft  model 
association  with  the  indicated  (strut)  load  radius.  As  indicated  in  the  figure,  for  the  HSCT 
configuration,  tire  pressures  as  low  as  150  psi  -  corresponding  to  about  50  percent  of  its  gross 
take-off  weight  -  would  initiate  cracking  in  this  pavement  model.  Similarly,  the  747  configuration 
would  cause  cracking  in  this  concrete  pavement  at  gross  take-off  weights  of  over  about  540,000 
lbf. 

The  results  of  this  limited  study  indicate  the  importance  of  applying  aircraft-specific  loading 
conditions  -  rather  than  equivalent  loads  which  attempt  to  represent  all  of  aircraft  -  to  predict 
pavement  performance  with  sufficient  accuracy. 

For  the  analyses  performed  with  this  pavement  configuration,  there  was  no  inelastic 
response  in  either  the  granular  base  or  clay  subbase.  This  is  attributed  to  the  relatively  low  levels 
of  stress  in  these  layers.  In  all  of  our  cases,  the  maximum  vertical  stress  experienced  in  the  base 
did  not  exceed  10  psi. 

4.3.2  Asphalt  Concrete  (AC)/Granular  Base/Clay  Subbaso 

We  performed  parameter  studies  for  the  AC/Granular  Base/Clay  Subbase  case  using  a 
linear  representation  of  the  AC  layer  and  nonlinear  representations  of  the  base  and  subbase  layers. 
For  the  AC  layer,  we  used  E»500,000  psi  and  p  =  0.4,  while  fear  the  base  and  subbase  layers,  we 
used  the  values  indicated  previously  for  the  PCC  configuration.  The  structural  configuration 
assumed  for  this  case  was  identical  to  that  for  the  PCC  case,  which  was  shown  in  Figure  4-1. 

The  primary  objective  of  our  studies  with  this  pavement  configuration  was  to  evaluate  the 
influence  of  material  inelastic  behavior  in  the  base  and  subb&se  on  the  overall  pavement  response 
for  loading  conditions  representative  of  the  HSCT  type  of  aircraft.  For  these  studies,  we  applied 
loads  in  a  circular  footprint  of  an  18-inch  radius  at  pressures  of  from  25  psi  to  300  psi  in  25-psi 
increments. 
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Figure  4-3.  Pavement  Cracking  at  a  Function  of  Tire  Pressure  and  Load 

Radius 
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The  results  indies  us  that  plastic  flow  initiated  in  the  bottom  segment  of  the  granular  base  at  a 
pressure  of  about  75  psi.  This  response  is  shown  graphically  in  Figure  4-4,  which  shows  the 
plastic  strain  component  in  the  radial  direction  as  PEI  1.  The  highest  positive  values  of  PEI  1  are 
indicated  by  the  red  areas;  as  shown,  this  area  is  at  the  intersection  of  the  base  and  subbare  layers. 
The  vertical  component  of  the  plastic  strain,  PE22,  is  shown  in  Figure  4-5  for  an  applied  pressure 
of  75  psi  These  plastic  strains  result  in  nonrecoverubk  deformation. 

Figures  4-6  and  4-7  show  radial  and  vertical  plastic  strain  components  for  a  pressure  of 
125  psi.  Figures  4-8  and  4-9  show  the  same  plastic  strains  at  225  psi.  As  indicated  in  these 
figures,  the  plastic  region  increases  rapidly  with  increasing  applied  pressure. 

The  deformed  state  of  the  pavement  structure  at  applied  pressures  of  75  psi  and  225  psi  are 
shown  in  Figures  4-10  and  4-11,  respectively. 

We  investigated  the  influence  of  inelastic  behavior  on  pavement  surface  deformations  by 
permitting  only  linear  elastic  behavior  in  the  base,  while  prescribing  porous  elastic  behavior  for  the 
subbase.  The  porous  elastic  model  used  for  the  subbase  basically  involves  hydrostatic  behavior, 
which  has  a  stiffening  effect  with  increasing  load.  Results  for  this  case  are  presented  as  the  curve 
labelled  “Porous  Elastic"  in  Figure  4-12,  which  describes  the  surface  displacement  directly  under 
the  centerline « f  the  applied  load  as  a  function  of  tire  pressure.  The  other  curve  shown  in  die 
figure,  which  is  labeled  "Inelastic  Base",  represents  the  condition  when  both  base  and  subbass  are 
permitted  to  have  inelastic  behavior.  As  indicated  in  the  flgeve,  ihs  inelastic  material  response  in 
the  base  has  a  significant  effect  m  the  pavement  response,  and  this  effect  is  stronger  with 
increasing  load.  Further,  the  pavement  displacements  are  with  the  model  using  a 

linear  representation  of  the  base  layer.  This  implies  that  a  Encar  representation  of  the  base  layer  is 
generally  not  conservative, 

it  is  pointed  rekt  that  complete  bonding  bet  ween  layers  war  assumed  in  this  analysis  and 
this  will  support  bonding  in  the  layers  which  pemtis  iv&ximum  deformation.  It  therefore  is 
important  to  properly  simulate  the  conditions  si  the  layer  interface.  This  is  an  important 
consideration  in  the  UPDAP. 
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Figure  4-10.  Displacement  Contour  When  p  s  75  PSI 


Figure  4-11.  Displacement  Contour  When  p  *  225  PSI 
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Surface  Displacement  Under  Load  <£.,  in. 


ASPHALT/CONCRETE  PAVEMENT  SUPPORTED  ON 
GRANULAR  BASE  AND  CLAY  SUBBASE 


O  20  40  60  80  100  120  140  160  180  200 

Tire  Pressure,  p,  psl 


Figure  4-12.  Displacement  Under  Load  Centerline  vs.  Tire  Pressure 
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5.  Damage  Modeling 

Damage  models  are  a  critical  part  of  the  UPDAP  because  the  ultimate  purpose  is  to 
determine  the  performance  of  the  pavement  in  service.  Therefore,  events  that  damage  the 
pavement,  reducing  its  serviceability,  must  be  represented  in  the  UPDAP. 


5.1  Modeling  Issues 

Presently  there  are  mechanistic  damage  models  for  only  a  fraction  of  the  types  of  damage 
that  can  occur  in  airport  pavements,  see  Table  5-1.  There  are  empirical  models  for  others. 
However,  most  have  been  developed  for  highway  pavements.  Because  with  airport  pavements  the 
layers  are  substantially  thicker  and  the  loads  are  substantially  greater,  the  empirical  highway 
models  are  of  limited  value. 

Mechanistic  models  are  required  for  all  damage  mechanisms  that  will  be  included  in  the 
UPDAP.  As  stated  above,  many  of  these  models  have  to  be  developed  and  verified.  In 
developing  damage  models  several  issues  must  be  addressed.  Significant  issues  include  the 
definition  of  damage,  and  the  relationship  between  damage  and  the  mechanistic  quantities  available 
from  the  structural  analysis  model. 

A  clear  definition  of  damage  is  needed  for  the  development  of  damage  models  consistent 
with  this,  the  damage  models  need  to  be  integrated  into  the  UPDAP.  Using  the  finite  element 
method,  damage  in  pavements  can  be  divided  into  two  categories:  structural  damage,  and  material 
damage.  Structural  damage  requirts  modification  of  the  elements  and  nodes  (the  mesh)  which 
define  the  structural  configuration  of  the  pavement  for  the  analysis.  In  contrast,  material  damage 
can  be  accommodated  with  the  material  model.  For  example,  microcracking  of  PCC  can  be 
incorporated  into  the  analysis  through  the  material  model  as  a  nonisotropic  reduction  in  stiffness. 
Similarly,  the  healing  of  small  cracks  in  AC  can  be  accounted  for  with  the  material  model. 
Accounting  for  structural  damage  to  the  pavement  generally  requires  a  change  in  the  continuity  or 
connectivity,  within  or  between  the  layers.  Structural  damage  of  this  type  can  not  be  adequately 
accounted  for  with  the  material  models.  The  structural  model  (mesh)  of  the  pavement  must  be 
changed  to  reflect  the  damaged  state.  This  often  requires  the  replacement  of  some  elements  with 
"gap-contact”  elements  or  crack  elements,  and  analysis  techniques  such  as  fracture  mechanics. 
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Table  5*1.  Distress  Types  and  Availability  of  Mechanistic  Models 

* 


Pavement  Type 

Distress  Type 

Mechanistic  Model . 

Rigid 

Cracking: 

-  Longitudinal 

X 

-  Transverse 

X 

-  Diagonal 

X 

-  Corner 

X 

-  "D"  Cracking 
Disintegration: 

-  Scaling 

-  Spalling 

-  Blowups 

-  Shattered  Slabs 

-  Joint  Seal  Damage 
Distortion: 

-  Pumping 

X 

-  Faulting 

X 

Flexible 

-  Settlement 

Loss  of  Friction: 

*  Polished  Aggregate 

-  Rubber  Build-up 

-  Fuel  Spillage 

Cracking: 

•  Longitudinal 

X 

-  Transverse 

X 

-  Alligator 

X 

-  Block 

X 

-  Slippage 

Disintegration: 

-  Ravelling 

-  Stripping 

Distortion: 

-  Rutting 

X 

-  Corrugation 

X 

-  Depression 

-  Swelling 

Loss  of  Friction: 

-  Bleeding 

-  Polished  Aggregate 

-  Rubber  Build-up 

-  Fuel  Spillage 
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Tests  conducted  to  define  the  material  response  models' and  damage  models  must  be 
defined  in  a  manner  that  is  consistent  with  the  definition  of  damage  that  is  used  to  construct  the 
FEM  model.  Otherwise,  there  will  be  the  potential  for  misinterpreting  the  analysis  results.  For 
example,  there  is  a  great  deal  of  fatigue  data  available  for  PCC  pavements.  Tests  conducted  to 
derive  these  data  generally  include  a  supporting  base  and  subbase.  It  is  highly  desirable  to  use  this 
body  of  data  to  develop  a  comprehensive  fatigue  model  for  PCC.  Typically,  such  a  model  is 
developed  by  defining  the  mechanical  parameter(s)  responsible  for  the  damage.  With  fatigue  of 
PCC  pavements,  this  is  typically  the  bending  stress,  or  some  quantity  which  embodies  bending 
stress.  For  discussion  purposes,  the  mechanistic  quantity  referred  to  as  mechanical  parameter 
responsible  for  the  damage  is  simply  the  damage  parameter.  The  comprehensive  fatigue  model  is 
calibrated  by  fitting  a  mathematical  expression  through  the  damage  parameter  versus  load  cycles  to 
failure  data. 

Issues  that  must  be  addressed  in  defining  the  comprehensive  fatigue  model  are:  (1)  what  is 
failure,  and  (2)  what  is  the  value  of  the  damage  parameter  corresponding  to  the  failure?  The 
answers  to  these  questions  must  be  consistent  with  the  definition  of  failure  used  in  the  development 
of  the  UPDAP  finite  element  structural  analysis  model.  For  instance,  as  microcracks  develop  in 
the  PCC  due  to  repeated  loading,  its  stiffness  will  change;  it  will  become  more  flexible.  This 
stiffness  change  will  cause  the  stresses  in  the  structure  to  be  redistributed.  Consequently,  the  value 
of  the  damage  parameter  will  change  during  the  test  once  the  microcracks  develop,  and  will 
continue  to  change  as  the  microcracking  propagates.  This  could  make  it  difficult  to  calibrate  the 
fatigue  damage  model  for  PCC  using  these  data,  and  bending  stress  as  the  damage  parameter. 

In  order  to  determine  the  stresses  in  the  PCC  responsible  for  fatigue  cracking,  an  analysis 
is  required.  In  addition,  accurate  material  models  are  needed  for  the  PCC,  the  base  and  the 
subbase.  Because  the  stresses  computed  in  the  PCC  arc  very  sensitive  to  changes  in  these  material 
models,  it  is  essential  that  the  PCC  fatigue  data  be  reduced  using  the  same  analysis  procedure  and 
material  models  that  will  eventually  be  used  to  analyze  other  PCC  pavements.  Consequently,  it  is 
important  to  define  damage  consistently,  so  that  the  analysis  can  reasonably  model  the  pavement 
response.  For  these  reasons,  accurate  structural  and  material  models  are  needed  in  order  to 
interpret  PCC  fatigue  data  from  tests  on  actual  pavement  of  multilayer  test  specimens. 

Two  other  aspects  of  damage  modeling  need  to  be  addressed.  First,  the  damage  models 
developed  for  the  various  mechanisms  will  require  a  scheme  for  damage  accumulation.  For  fatigue 
the  Miner  linear  damage  accumulation  approach  is  typically  used  to  determine  the  damage  done  by 
variable  amplitude  loading.  In  other  words,  the  damage  parameter  is  not  the  same  on  every  cycle. 


287 


Second,  a  definition  is  needed  for  a  cycle  that  is  consistent  with  the  definition  of  damage  as  defined 
by  the  damage  parameter  fen:  variable  amplitude  loading.  Several  schemes  are  available  for 
counting  fatigue  cycles.  These  range  in  complexity  from  simple  peak  counting  to  the  "rain-flow" 
method  [5].  The  "rain-flow"  method  is  generally  the  best  for  metals  because  it  properly  accounts 
for  the  hysteresis  and  the  memory  of  prior  strain  events  exhibited  by  metals. 


5.2  Interaction  Issues 

Damage  mechanisms  operative  in  airport  pavements  can  interact.  These  interactions  are 
symbolized  in  Figure  2-1  as  feedback  loops  between  the  Damage  Analysis  and  the  Material 
Property  Data  (loop  1)  and  the  Damage  Analysis  and  the  Structural  Analysis  (loop  2). 

An  example  of  the  damage/material  interaction  (loop  1)  has  been  given  with  regard  to 
rutting  of  AC  pavements.  Rutting  develops  due  to  a  combination  of  flow  and  densification. 
Furthermore,  densification  changes  the  response  of  the  AC  sufficiently  to  change  the  stresses  in  the 
AC  layer.  By  accounting  for  this  interaction,  rutting  damage  model  can  be  accurately  predicted. 

As  an  example  of  the  damage/structural  interaction  (loop  2),  consider  the  PCC  pavement 
shown  in  Figures  5-?.  and  5-2.  This  pavement  has  a  void  located  beneath  the  comer  of  one  slab, 
and  is  loaded  by  a  single  vertical  force  as  shown  in  the  figure.  An  analysis  package  called,  RISC, 
has  been  developed  by  Resource  International,  Inc  to  determine  the  effect  of  voids  on  pavement 
performance  [6].  The  void  beneath  the  PCC  slab  will  alter  the  overall  response  of  the  pavement  for 
this  position  of  the  applied  load.  More  specifically,  as  voids  develop  and  grow  the  following 
conditions  will  develop. 

1 .  The  damage  mechanism  most  likely  to  result  in  failure  can  change.  For  example,  as  a 
comer  void  develops  a  greater  portion  of  the  load  is  transferred  through  tire  dowel  bars 
to  the  adjacent  slabs.  This  results  in  greater  dowel  bar  bending  stresses  and  greater 
bearing  stresses  in  the  PCC  at  these  dowel  bar  locations.  The  elevated  stresses  may 
lead  to  premature  failure  of  the  pavement  structure  because  the  void  compromises  the 
load  carrying  capacity  of  the  base. 

2.  The  location  of  the  maximum  bending  stress  in  the  PCC  slabs  will  change  because  the 
support  condit'on  for  the  slab  changes  with  the  development  of  the  void.  This  means 
that  die  focal  point  for  fatigue  damage  due  to  repeated  application  of  the  load  will  move 
across  the  slab  as  the  void  grows.  Thus,  fatigue  damage  produced  by  the  application  of 
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Figure  5-2.  Pavement  Configuration  (Plan  View) 


the  load  shown  in  Figure  5-2,  will  not  be  concentrated  at  a  single  site.  This  could 
increase  the  fatigue  life  of  the  PCC  slab  in  bending. 


In  oeder  to  model  this  type  of  behavior,  the  structural  model  must  incorporate  the  following 
features: 

a.  multiple  PCC  slabs, 

b.  dowel  bars  for  load  transfer  between  the  slabs, 

c.  damage  in  the  form  of  voids  located  beneath  PCC  slabs,  and 

d.  multiple  layers  to  represent  the  base,  subbase,  etc. 

While  not  essential  for  this  discussion,  the  structural  model  should  also  indude  the  weight  of  the 
slabs  and  through-thickness  thermal  gradients.  These  specialized  features  make  RISC  an  ideal  test 
bed  for  demonstrating  the  Damage/Sttucnnal  interaction,  as  well  is  highlighting  other  important 

mfiitaUngr  fosses, 

RISC  uses  a  hybrid  FEM/closed  form  analysis  procedure  to  account  for  die  three- 
dimensional  nature  of  pavement  structures.  The  FEM  solution  is  used  to  compute  the  stresses  in 
the  PCC  slabs  and  the  dowel  bars-  The  closed-farm  elastic  layer  theory  is  used  to  detenmne  the 
flexibility  of  the  fouakhou  beneath  the  slabs. 

The  damage  analysis  contained  within  RISC  is  preseated  in  the  form  of  a  flowchart  in 
Figure  5-3.  Inputs  for  RISC  are  summarized  on  the  leftside  of  the  flowchart.  Ttese  include  the 
load,  the  pavement  parameters  (namber  of  slabs,  number  of  layers,  dimensions,  material 
properties,  etc.),  and  the  void  (ske*  shape  and  location).  The  outputs,  shown  at  or  oo  the  right 
side  of  the  flowchart,  include  the  fatigue  performance  (Dumber  of  load  applications  to  failure)  and 
faulting  performance  (faultsizcX  The  inputs  are  used  by  the  structural  model  (PimaiylUapoa^ 
Model)  to  determine  the  bending  stress  in  the  PCC  slabs,  the  bearing  stress  in  PCC  at  the  dowel 
bars,  and  the  bending  stress  in  the  dowd  bars.  The  fatigue  model  uses  the  bending  stress  in  the 
PCC  to  determine  the  fatigue  life,  Lc.,  the  number  of  cycles  to  failure,  Nf ,  for  the  PCC  slabs.  At 

die  same  time,  the  faulting  model  uses  the  bearing  stress  in  the  FOC  to  determine  the  amount  of 
faulting  that  will  exist  after  Nf  load  cycles. 

A  schematic  of  the  results  from  such  an  analysis  arc  shown  in  Figure  5-4,  in  the  form  of  a 
damage  interaction  diagram  The  data  points,  and  the  dotted  line,  indicate  the  number  of  load 
cycles  that  will  cause  a  boding  fatigue  failure  in  the  PCC  The  solid  lines  indicate  the  faulting  that 
will  develop  with  load  cycles  based  on  a  model  by  Darter  (7]. 
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Input 


Output 


Figure  5-3.  Analysis  Procedure  Used  by  RISC 
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Fault  Size 


Cycles,  millions 

Fault  growth  — PCC  Fatigue 


Figure  5-4.  Fatigue-Faulting  Damage  interaction  Diagram 


Naturally,  there  is  a  limit  on  the  amount  of  faulting  that  can  be  permitted  to  develop  in  a 
pavement  A  faulting  limit  is  shown  in  a  or  the  damage  interaction  diagram  shown  in  Figure  5-4. 
The  point  where  the  faulting  limit  intersects  the  fatigue  curve  (the  dotted  line)  divides  the  life  of  the 
pavement  into  regions,  one  where  fatigue  limits  the  life  of  the  pavement  and  another  where  faulting 
limits  the  life  of  the  pavement  Fatigue  damage  of  the  dowel  bars  could  also  be  incorporated  into 
the  damage  interaction  diagram. 

The  growth  of  the  void  caused  by  the  load-cycles  can  either  accelerate  or  retard  the 
development  of  damage  done  in  the  pavement.  The  growth  of  the  void  increases  the  bending 
stresses  in  the  dowel  bars  and  the  bearing  susses  is  the  ICC  at  these  dowel  bars,  thereby 
accelerating  damage  in  these  areas.  At  the  same  time,  the  effect  of  bending  fatigue  damage  in  the 
PCC  is  diffused  over  a  wider  area  of  the  pavements  increasing  the  total  life  of  the  slab.  However, 
as  the  void  grows  the  Of  the  maximum  bending  stress  increases,  which  would  tend  to 

redyee  the  As  such,  the  damage  mechanisms  operating  on  the  structure  are  in  competition 

with  ose  another.  The  mechanism  which  eventually  causes  the  failure  depends  on  the  interaction 
-  between  the  various  mechanisms  and  the  structural  analysis  model. 

Be eanse  more  than  one  damage  mechanism  will  be  active,  each  must  be  tracked  in  the 
UPDAF.  Furthermore,  because  fatigue  damage,  for  example,  can  be  distributed  over  the  slab,  the 
fatigue  damage  at  each  portion  of  the  slab  must  also  be  tracked.  This  suggests  a  local  damage 
approach  is  needed,  wherein  the  effect  of  each  damage  mechanism  is  tracked  throughout  the 
model 
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6.  Pavement  Testing  and  Instrumentation 

A  key  to  developing  the  UPDAP  is  an  effective  test  program  that  will  provide  measured 
response  and  calibration  of  the  analytic  model 

There  are  several  significant  benefits  to  be  accrued  from  airport  pavement  instrumentation 
and  testing.  Perhaps  the  most  important  is  better  understanding  of  the  response  phenomenon  of 
pavement  systems.  Existing  analytic  procedures  have  proven  to  be  beneficial  in  interpolating  and 
in  some  cases  extrapolating  pavement  response  and  materials  properties  for  design  and  evaluation. 
However,  there  have  been  limited  research  efforts  to  combine  theoretical  studies  with  data 
collection  from  instrumented  airport  pavements.  The  limited  results  that  can  be  referenced  indicate 
that  currently  used  analytic  model  predictions  of  pavement  response  do  not  agree  with  measured 
response.  Figures  6-1  and  6-2  show  predicted  and  measured  surface  deflection  and  deflection  with 
depth,  respectively,  in  instrumented  pavement  test  sections. 

Pavement  physical  response  data  from  wcli-conceived  instrumentation  can  be  effective  in 
calibrating  various  performance  factors.  In  addition,  the  data  can  also  be  the  basis  for 
conceptualizing  pavement  mechanics  or  response  phenomena.  If  more  and  better  calibration  of 
factors  is  desired  then  better  understanding  is  needed  of  how  pavement  materials  and  layers  react  to 
a  spectrum  of  loading.  As  an  example,  total  deflection  data  from  aircraft  loading  is  shown  in 
Figure  6-3.  Deflection  gages  were  anchored  at  different  depths  from  the  surface  and  deformation 
recorded  in  each  gage,  as  shown  in  Figure  6*4.  Subsequent  rebound  in  each  gage  is  shown  in 
Figure  6*5.  These  data  are  from  between  the  wheels  of  a  727  aircraft  and  reflect  data  from  selected 
events  showing  where  in  the  pavement  system  deflection  and  rebound  are  occurring.  A  wave 
emanating  from  and  trailing  away  from  the  path  of  loading  was  observed  in  the  same  test  data.  In 
addition  to  this  dynamic  loading  response,  the  pavement  model  and  associated  material 
characteristics  need  to  have  a  capability  to  reflect  changing  conditions  and  performance.  The 
performance  may  be  associated  with  environment  and  traffic.  Figure  6-6  shows  the  surface  and  in- 
depth  profile  deformations  in  a  MWHGL  test  section.  Figure  6*7  shows  surface  cracking  in 
another  MWHGL  test  section.  The  convention  of  assuming  that  asphalt  pavement  fatigue  cracking 
initiates  in  the  lowest  asphalt  layer  is  not  substantiated  in  Figure  64.  These  types  of  phenomena 
underscore  the  need  for  response  data.  Such  observations  and  data  will  be  the  basis  for  better  and 
accurate  models  of  pavement  response  and  behavior. 
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OFFSET,  FT 


Figure  6-1.  Computed  end  Measured  Deflection  Basins  at  12-fl  Depth, 
Item  3,  MWHGL  Test  Section,  30  KIP  Static  Load,  Single-  and  12-Wheal 
Assemblies  (Note:  Load  Indicated  In  all  Figure  Captions  Refers  to  the 

Load  per  Wheel) 

(Chou  and  Ledbetter) 
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Figure  6-2.  Computed  and  Measured  Maximum  Deflection  Under  Static 
Single-  and  12-Wheel  Loads,  Item  3,  MWNGL  Test  Section  (Measured 

Data  from  Ahlvln,  at  at.  [91) 
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Figure  $-4.  B-727  "Peak"  Deformation  in  Each  Gage,  Between  Wheels 

(0±0.85  ft.) 
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OCrMMATION,  IN. 
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Figure  6-5.  B-727  Rebound  In  Each  Gaga,  Batwaan  Whoala 

(0±0.85  ft.) 

(White  (11]) 
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Figure  6-6.  Test  Pit  Profile,  Flexible  Pavement  Lane  1,  Item  3,  Sts.  2  + 

30  After  2342  Coverages 
(Ahlvln,  et  al.  fill) 
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Figure  6-8.  Sample  Taken  from  Flexible  Pavement  Lane  2,  Item  2  at  Sta. 

2  +  90  After  200  Coverages  of  Traffic 
(Ahlvln,  et  al.  [91) 
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6.1  Instrumenation 


For  the  benefits  of  pavement  instrumentation  to  be  realized  a  comprehensive  plan  is  needed. 
The  plan  should  address  loads  as  well  as  other  effects.  Potential  effects  include: 

1.  Load 

a.  Deflections  and  deformations 

b.  Strains 

c.  Pore  pressures 

2.  Environmental 

a.  Temperature 

b.  Frost  penetration 

c.  Moisture 

3.  Other 

a.  Density 

b.  Volume  of  water  (subdrainage) 

Supporting  data  includes  weather-related  data  such  as  air  temperature,  precipitati  m  and  solar 
radiation. 

Traffic  information  is  important  with  respect  to  mstrumeutanen  and  includes  aircraft  type, 
position,  speed  and  weight  The  current  FAA  design  procedure  allows  for  varying  pavement 
thickness  based  on  the  pavement  feature  (i.e„  mix way,  runway  edge,  taxiway,  apron).  Multiple 
instrumentation  sites  would  be  required  to  obtain  pavement  response  associated  with  aircraft 
operating  modes  on  these  different  features. 

The  type  of  pavement  response  that  is  important  varies  and  depends  on  pavement  type. 
Candidate  rigid  pavement  features  for  insiramemaikm  include: 

1.  Slabs 

a.  Edge 
b  Owner 

c.  Center 

d.  Interaction  (Joint-vertical,  Horizontal) 

2.  Reinforcement 

a.  Dowds 

b.  Ties 

c.  Temperature  Steel 

d.  Prestress  Tendons 
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form  and  use.  Also,  because  of  the  labor  and  lime  involved  in  manual  data  reduction,  the  majority 
of  the  data  is  filed  without  being  utilized. 
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7.  Summary  and  Recommendations 


As  a  result  of  our  work,  we  have  developed  a  more  clear  understanding  of  the  issues 
associated  with  the  development  of  an  effective  UPDAP-Based  on  these  issues,  we  recommend  a 
concept  with  the  following  features: 

1 .  A  three-dimensional  structural  response  model  based  on  the  finite  element  method. 

2.  A  hierarchy  of  mechanics-based  pavement  material  models  from  which  the  most 
effective  set  of  models  can  be  selected,  based  on  environmental  conditions,  loading 
conditions,  and  the  structural  configuration  of  the  pavement 

3 .  A  selection  of  mechanics-based  damage  models  that  describe  with  sufficient  accuracy 
the  relevant  mechanisms  which  lead  to  potential  modes  of  pavement  distress. 

4.  The  development  of  effective  interaction  schemes  between  the  material,  damage  and 
structural  models  that  will  ensure  accurate  predictions  of  pavement  response. 

5.  The  development  of  model  selection  criteria,  implemented  via  a  KBS,  that  is  designed 
to  establish  the  simplest  credible  models  that  meet  the  pavement  design/analysis 
objectives. 

6.  Integration  of  the  components  listed  above  into  a  user-friendly  code  tailored  for 
practicing  pavement  engineers,  with  sufficient  flexibility  to  adapt  to  the  rapid 
advancements  in  computer  technology. 

The  FAA  has  planned  a  multiyear  program  that  should  provide  sufficient  time  and 
resources  to  develop  the  UPDAF  with  the  features  described  above.  We  recommend  that  this 
program  include  the  following  activities: 

1 .  Extensive  laboratory  and  in-situ  testing  of  pavement  materials  to  support  the 
development  of  more  generalized  and  mechanistically  based  material  models. 

2.  Analytical  and  experimental  studies  of  vehicle/pavement  interactions,  with  emphasis  on 
characterizing  aircraft-specific  dynamic  loads  both  normal  to  and  in  the  plane  of  the 
pavement. 

3.  I^ong-term  controlled  tests  to  characterize  pavement  damage  mechanisms. 

4.  Continued  and  close  interaction  with  die  mechanics  community  to  identify  the 
applicability  of  advancements  in  material  and  damage  modeling  to  pavement 
design/analysis. 


5.  The  development  of  a  KBS  methodology  and  appropriate  software  architecture,  which 
will  provide  a  framework  for  the  UPDAP. 
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9.  List  of  Symbols 


Gi*  ®ii  Hi 

R 

AEi 

o 

n,  a,  pS,  m 
EM(t) 
aM(M) 
t 


=  sprint  and  dushpot  constants 
=  tensile  strength 
*  activation  energy 
=  stress 
=  material  constants 
=  relaxation  function 
*s  reduced  or  psuedo  time 
=  time 
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1.  Introduction 


Rutting  prediction  has  been  a  subject  of  concern  of  pavement  researchers  and  practitioners 
alike  in  recent  years.  Rutting  directly  affects  pavement  serviceability  and  it  is  often  considered  as 
one  of  the  criteria  to  define  pavement  failure  after  it  reaches  a  predetermined  level  above  which  ride 
quality  and  safety  are  seriously  impaired. 

Previous  efforts  have  been  directed  at  estimating  rutting  in  flexible  pavements  as  a  result  of 
permanent  deformations  occurring  in  the  subgrade  soil.  However,  in  view  of  the  need  to 
rehabilitate  pavements  that  have  reached  their  useful  life,  more  emphasis  is  needed  in  developing 
methods  or  adapting  currently  available  methods  to  predict  the  amount  of  rutting  in  asphalt  concrete 
pavement  and  overlays. 

The  following  sections  include  reviews  of  several  available  computer  methods  and  models 
to  predict  rutting.  All  these  programs  were  originally  developed  for  highway  pavement  distress 
prediction  and/or  analysis.  Thus,  some  modifications  will  be  needed  considering  the  substantially 
higher  tire  pressures  and  wheel  loads  to  be  expected  from  aircraft.  Careful  consideration  of  the 
asphalt  concrete  rutting  prediction  models  is  necessary  in  view  of  the  inherently  high  tire  pressures 
(over  300  psi)  (2  MPa)  applied  by  some  aircraft.  It  is  estimated  that  plastic  yield  of  asphalt  concrete 
occurs  at  this  high  pressure  which  is  well  above  the  threshold  pressure  used  for  permanent 
defoimadon  characterization  of  asphalt  concrete  mixtures  for  highway  applications. 

Rutting  can  be  indirectly  considered  through  the  use  of  empirical  or  semi-empirical 
relationships  between  the  amount  of  rutting  and  clastic  response  parameters  obtained  from  the 
structural  analysis  of  pavements  such  as  deflections,  stresses  and  strains.  In  most  cases  a  threshold 
value  of  the  vertical  stress  or  strain  on  the  subgradc  surface  is  specified  to  limit  rutting.  This 
approach,  however,  implies  that  no  rutting  occurs  within  the  pavement  layers  above  the  subgrade, 
contrary  to  experience. 


1 .1  Empirical  Models 

Several  rutting  models  based  on  empirical  relationships  are  discussed  below.  This 
discussion  is  not  intended  to  be  exhaustive  but  will  serve  the  purpose  of  presenting  some  models 
that  are  worth  mentioning. 
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1.1.1  Monismith  and  McLain  Approach 

Monismilh  and  McLain  conducted  research  on  the  permanent  deformation  properties  of 
asphaltic  pavements,  using  two  theories  [1].  The  first  theory  was  based  upon  a  linear  elastic 
approach  in  which  an  elastic  layer  program  (CHEV5L)  was  used  to  analyze  the  data. 

The  equation  for  permanent  deformation  is  given  by: 

eip  =  K(od-ee)n  (1) 


where 

EjP  =  permenent  strain  at  first  load  application 

°d  =  01-03  (stress  difference  is  triaxial  compression) 

Ed  =  elastc  strain 

K,n  =  experimentally  determined  constants 

One  major  conclusion  of  their  analysis  was  that  the  permanent  deformation  predicted  using 
the  elastic  analysis  method  was  much  higher  than  the  results  calculated  or  predicted  by  the  VBSYS 
n  procedure,  which  is  based  on  the  viscoelastic  theory. 

1.1.2  Simulative  Statistical  Based  Approach 

This  approach  was  proposed  by  Morris  et  al.  and  is  based  on  laboratory  simulation 
conditions  using  triaxial  testing  [2].  A  regression  equation  was  developed  for  the  laboratory  test 
data  relating  the  permanent  deformation  to  testing  variables.  This  equation  was  in  the  form; 

£p  =  f(0i,O3,T,N)  ±  E  (2 

where 

Ep  =  vertical  permanent  strain 

01,03  »  vertical  and  lateral  stresses 

T  =  temperature 
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N  =  number  of  load  applications 

E  =  error  of  estimate 

The  total  permanent  deformation  is  calculated  using  the  sublayers  system. 
P=2  Sp»hi 

l  =  1 


where 

p  =  total  permanent  deformation  of  the  pavement  system 
Cp.  =  average  permanent  strain  in  the  ith  layer 

hj  =  thickness  of  the  ith  layer 
n  -  number  of  layers  in  the  pavement. 

This  method  has  me  following  shortcomings:  (1)  it  introduces  no  basic  constitutive  law  of 
material  behavior  for  incorporation  into  a  rational  design  scheme;  (2)  the  method  assumes  no 
subgrade  contribution  to  the  total  system  permanent  deformation,  while  it  has  been  proven  that  the 
subgrade,  in  many  instances,  plays  an  important  role  in  the  effect  of  overall  permanent 
deformation;  (3)  the  method  requires  extensive  testing  programs  for  each  material  characterization, 
which  makes  it  somewhat  impractical;  (4)  the  permanent  deformation  in  the  field  was  assumed  to 
be  zero  between  December  and  March,  due  to  low  temperatures;  and  (5)  the  method  also  assumes 
constant  traffic  ova*  a  given  period  of  time. 

In  spite  of  all  these  assumptions,  some  of  which  appear  questionable,  the  results  of  the 
above  laboratory  tests  were  in  agreement  with  field  measurements  at  the  Brampton  Test  Road. 

1.1.3  Saraf  and  Finn  Model 

Saraf,  Finn  et  al.  presented  a  regression  model  to  obtain  a  correlation  between  the  seasonal 
rutting  rate  and  primary  response  for  an  18  kip  single  axle  load  [3,4].  The  model  is  of  the  fonn: 

RR  -  f(Oc,e,d,  and  N^)  n 
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where 


RR  =  seasonal  rate  of  rutting  or  permanent  deformation  per  equivalent  load 
application 

oc  =  vertical  compressive  stress  in  component  layer  (psi) 


e  =  strain  in  component  layer 

d  =  surface  deflection  (xl0'3  in) 

=  total  equivalent  18  kip  single  axle  loads  up  to  and  including  the  season  for 
which  the  rate  of  rutting  is  to  be  calculated  (10^  repetitions) 


Depending  on  this  general  form  two  different  forms  for  predicting  RR  were  suggested, 
depending  on  the  pavement  asphalt  concrete  layer  thickness. 


For  pavements  with  a  6-inch  (152  mm)  or  less  thickness  of  asphalt  concrete: 
Log  RR  =  -5.617  +  3.343  log  d  -  0.167  log  Nl8  - 1.1 18  log  oc 


(4) 


For  pavements  with  more  than  a  6-inch  (152  mm)  thickness  of  asphalt  concrete: 
Log  RR  « -1. 173  +  0.717  log  d  -  0.658  log  Nib  +  0.666  log  ac 


The  subgrade  contribution  to  total  permanent  deformation  for  the  entire  pavement  system 
cannot  be  predicted  using  this  model  In  addition,  this  model  cannot  be  used  to  predict  rutting  in 
granular  materials.  Therefore,  it  can  be  said  that  its  applications  are  limited  to  asphalt  pavements. 


1.1.4  Barkodale  and  Romain  Model 

Barksdale  and  Romain  developed  a  rutting  model  consisdng  of  predicting  rutting  using 
permanent  deformation  characteristics  determined  from  laboratory  tests  along  with  an  analysis 
procedure  for  the  pavement  using  linear  elastic  theory  [5j. 

In  this  procedure  each  layer  of  the  pavement  is  divided  into  several  sublayers  and  the 
s  tresses  calculated  at  the  center  of  each  sublayer,  directly  under  the  load  center.  The  total  rut  depth 
(R)  is  given  by 
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(6) 


n 

R  D  £j  Zj 
i  =  1 

where 

R  =  total  cut  depth 

q  =  average  plastic  strain  in  tiie  sublayer 

Zj  =  sublayer  thickness 

.1  *  number  of  sublayers  in  the  pavement  system 

The  plastic  strain  can  be  determined  from  laboratory  tests  similar  to  those  used  in  VES  YS. 

This  method  is  known  as  the  layer  strain  method  and  had  been  used  in  various  forms  by 
many  researchers  and  is  also  the  basis  of  the  Shell  design  procedure. 

1.1.5  Brown  and  PeU  Model 

Brown  and  Pell  also  developed  a  rotting  model  using  the  layer  strain  method  but  they  used 
non-linear  finite  element  theory  to  calculate  layer  stresses  using  the  program  DEFPA  V.  [5]  The 
rutting  is  computed  from 

£,  =  <£><«>  (7) 

where 

£p  «  permanent  shear  strain 

q  ^  deviatotic  stress 

a,b  »  constants 

N  =  number  of  load  applications 

The  laboratory  testing  required  is  axial  repeated  load  test. 

Brown  and  Pell  found  that  substantial  errors  in  plastic  strain  develop  if  shear  stresses  are 
ignored  in  the  determination  of  the  state  of  stress,  underestimating  the  plastic  strain  by  as  much  as 
40  percent 
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1.1.6  Monismith,  et  al.  Model 

Monismith,  ct  al.  used  elastic  layertheory  (ELS  YM)  to  compute  the  rutting  as 

tz  *  [6(D  N*on  lt]  [oz-  l/2(ox+oy)3  (8) 

where 

ez  =  vertical  permanent  deformation 

5(T)  =  a  function  of  temperature 

sz,  s*.  Sy  =  stresses  is  x,  y,  z  directions,  respectively 

a  =  coefficient 

N  =  number  of  stress  repetitions 

Gn- 1  -  equivalent  stress  defined  as  a  function  of  principal  stresses  is 

loading  time 

t  =  loadingtime 

Repeated  load  triaxial  compression  tests  provide  input  to  the  model. 

Material  properties  as  a  function  of  temperature  for  each  month  in  the  year  were  developed 
using  temperature  distribution  calculated  from  the  method  proposed  by  Barber  [6].  The  permanent 
deformation  was  then  calculated  for  each  month  and  summed  to  obtain  the  annual  rutting. 

Reasonable  agreement  was  reported  between  computed  and  measured  rut  depth  values. 

1.1.7  Brown  and  Smith  Approach 

Brown  and  Snaith  based  their  approach  on  laboratory  simulation  conditions,  and  presented 
data  obtained  from  testing  under  different  vertical  stress  levels  (static  or  dynamic)  relating  the 
permanent  deformation  to  testing  variables,  as  expressed  by  the  following  equation  [7]: 

e<p«atb  (9) 

or 
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log  £tp  =  log  a+  b  log  t 


(10) 


where 

£fp  =  permanent  strain  at  time,  t 

log  a,b  =  constants  estimated  from  laboratory  test  results  which  depend  on 

temperature  and  applied  stress 

1.2  Linear  Visco-Eiastic  VESYS  System 

One  of  the  earliest  attempts  to  predict  the  amount  of  mtting  in  pavement  layers,  including 
asphalt  concrete  layer,  dates  to  1974  with  the  introduction  of  the  VESYS  (Viscoelastic  system) 
program. 

The  VESYS  QM  isa  computer  system  that  combines  viscoelastic  theory  with  laboratory- 
based  permanent  deformation  accumulative  damage  law  [8]. 

VESYS  IV  B  is  one  of  the  latest  editions  of  this  system.  It  combines  several  versions  of  the 
program  into  a  single  computer  program  that  models  an  n-layer  flexible  pavement  structure  using 
resilient  moduli,  creep  compliance  or  a  combination  of  these  by  specifying  layer  stiffnesses. 
Finally,  there  is  VES  YS-3H  which  is  a  modification  of  the  VESYS  01 A  program  to  provide  the 
capability  to  back-calcuiite  tutting  parameters  given  a  field  rutting  measurement  [9). 

The  VESYS  system  uses  creep  compliance  J(0  and  permanent  deformation  characteristics 
as  measured  from  repeated  incremental  static  loads  to  characterize  miring  parameters  ALPHA  and 
GNU  with  the  ratio  between  permanent  deformation  and  total  strain  at  the  Nth  cycle  is  given  as: 

F(N)«GNUAhPMA  <ll) 

where 

ALPHA  =  1  -S 

GNU  »  IS/E0 

$  =  slope  of  the  total  permanent  strain  vs  N  curve  where  t  -  IN* 

I  =  intercept  (at  N  *  I)  of  the  total  permanent  strain  vs  N  curve 
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en  =  total  strain  at  the  n*  cycle 
The  creep  compliance  is  given  by 


J(t)  =  I  Aie-*1 


(12) 


where 


Aj,  ctj  =  constants  determined  from  the  creep  curve 
t  =  time 

Three  models  make  up  the  VESYS  program.  These  are: 

a.  The  Primary  Response  Model,  which  calculates  the  stress,  strain  and  deformation  in  the 
pavement  system  at  any  time  due  to  the  static  load  applied  at  the  surface.  The  static  load 
response  is  then  used  to  predict  the  related  distress  modes  to  this  condition,  or  can  be 
converted  to  responses  that  could  occur  under  moving  load  situations,  and,  in  turn, 
predicts  its  related  mode  ofdisircss.  The  material  is  characterized  following  an  elastic 
and/or  linear  viscoelastic  constitutive  law.  VESYS  uses  the  elastic-viscoelastic 
correspondence  principle  applied  to  a  three  layer  closed-form  elastic  solution  to  obtain 
the  corresponding  viscoelastic  solution. 

b.  The  Damage  Model,  which  predicts  rutting,  cracking  and  roughness  and  is  based  on  the 
cumulative  damage  law. 

c.  The  Performance  Model,  which  indicates  the  pavement's  ability  to  meet  an  acceptable 
serviceability  level  (measured  by  the  Present  Serviceability  Index  »  PS!)  and  projected 
service  life. 

The  permanent  deformation  properties  ALPHA  and  GNU  are  derived  from  repetitive* 
loading  creep  compliance  tests  in  compression  to  define  the  fraction  of  the  predicted  total  strain  that 
is  permanent,  as  a  function  of  load  cycles.  The  permanent  strain  is  plotted  versus  load  repetitions 
on  log-log  paper,  a  straight  line  of  best  fit  is  drawn  to  approximately  predict  permanent  strain  over 
the  range  of  loadings  of  interest.  ALPHA  is  defined  as  one  minus  the  slope  ($)  of  this  line,  and 
represents  the  rate  of  change  in  the  permanent  strain.  GNU  is  the  prod,  ct  of  the  intercept  value  (l) 
of  the  permanent  strain  at  one  load  repetition  multiplied  by  the  slope  ($)  divided  by  the  average 
resilient  strain  (er). 


The  VESYS  model  represents  the  first  attempt  to  consider  viscoelastic  properties  of 
pavement  materials  to  calculate  rutting.  Pavement  response  calculations  are  performed  using  the 
elastic  layer  theory  which  in  itself  constitutes  a  limitation.  A  more  rigorous  pavement  analysis 
using  finite  elements  techniques  will  allow  a  more  strict  calculation  of  stresses  and  strains  which 
will  also  lead  to  a  more  accurate  prediction  of  the  amount  of  rutting.  Finally,  the  model  has  not 
been  validated  for  high  tire  pressures  and  high  wheel  loads  as  those  expected  from  aircraft 


1 .3  Probabilistic  Distress  Models  for  Asphalt  Pavement 
(PDMAP) 

The  PDMAP  program  was  developed  to  enable  highway  personnel  to  predict  distress 
conditions  of  given  pavement  sections  [10].  The  program  uses  fatigue  cracking  and  permanent 
deformation  (rut  depth)  due  to  traffic  as  the  specific  distress  inodes  to  determine  pavement 
performance. 

PDMAP  uses  probabilistic  analysis  to  compute  the  expected  amount  of  damage  as  well  as 
damage  with  specified  reliability  factors  r  wy  time  during  the  analysis  period  The  program  uses 
elastic  layer  theory  for  the  structural  analysis  of  pavements.  The  probabilistic  analysis  of  the  total 
structural  response  due  to  a  dual  wh  -1  load  system  and  the  probabilistic  predictions  of  fatigue  and 
rut  depth  are  completely  new  and  were  specifically  developed  for  the  PDMAP  program. 

The  rate  of  rutting  (RR)  is  assumed  to  be  related  to  the  cumulative  number  of  load 
applications,  X  j  (in  195  units);  surface  displacement,  X2  (in  10'3  inches);  and  maximum 
compressive  stress,  X3  (in  psi),  at  the  bottom  of  the  AC  under  the  center  of  a  wheel  load. 

logioRR  »  Bo  +  BilogioXj  *  B2logioX2  +  Bslog^o X3  4  8  (13) 

where  8  =  random  error  with  mean  »  0  and  variance  »  o2 

B0  =  -5.619,  Bj  *  -0.09467,  B2  *  4.4866, 

B3  « -1.2958,  a  *  0.2832 

The  main  disadvantages  of  the  PDMAP  program  are  related  to  the  type  of  rut  depth 
prediction  and  structural  analysis  models  used,  namely: 

a .  Elastic-plastic  techniques  are  preferred  in  the  nrediction  of  permanent  deformation. 


b.  The  finite  elements  technique  for  pavement  analysis  is  a  more  appropriate  substitute.  In 
addition,  the  PDMAP  program  is  not  capable  of  considering  lateral  discontinuities  such 
as  joints  or  cracks  when  modelling  layer  systems. 


1.4.  The  O.S.U.  Method 


The  formulation  of  the  rutting  phenomenon  in  this  method  is  based  on  research  work 
conducted  at  The  Ohio  State  University  over  a  period  of  mac  than  eight  years.  [11-15]  The  rutting 
models  developed  are  based  on  the  observation  that  the  amount  of  rutting  can  be  given  by  the 
following  equation:  [12,13] 


|  =  AN'm 
N 

£p  »  Cumulative  permanent  strain  at  the  N^1  repetition 
N  =  Number  of  load  repetitions 


(14) 


A 


m 


=  Permanent  strain  after  the  first  repetition  (N  - 1)  calculated  using  linear 
regression  of  the  log  £p/N  versus  log  N  relationship 


=  Absolute  value  of  the  dope  of  the  linear  relationship  between  log  £p/N 
versus  log  N 


This  relationship  was  initial’y  observed  to  describe  the  rutting  process  in  subgrade 
materials.  The  rate-ptoccss  theory  is  used  as  a  theoretical  explanation  for  the  micro-rheological 
response  of  compacted  soils  under  repeated  stress  applications. 

The  theory  of  absolute  reaction  rates  or  rate  process  theory,  proposed  initially  by  Eyring  et 
al.  [16],  and  applicable  to  any  process  involving  the  motion  of  particles,  has  been  used  to 
extensively  to  describe  and  predict  the  creep  and  consolidation  behavior  of  clays  as  well  as  oiher 
materials  [17-26]. 

Olynn  and  Kirwan  [27]  applied  the  theory  of  rate  processes  to  the  study  of  clays  subjected 
to  repeated  loading.  The  authors  used  Murayama  and  Shibata's  concept  [19]  of  a  threshold  stress, 
a  stress  intensity  below  which  only  purely  elastic  strains  art  produced,  to  derive  an  equation 
relating  magnitude  of  permanent  strain  Spin  terms  of  die  applied  stress  and  the  number  of  load 

applications. 


Majidzadeh,  Guirguis  and  Joseph  [28]  used  the  theory  of  rate  process  to  study  the 
mechanism  of  the  steady-state  deformation  of  compacted  silty  clay  and  found  out,  for  constant 
temperature,  time  of  loading  and  structure,  that  the  deformation  rate  is  given  by: 

dN  A  *  (15 

where 

£p  =  permanent  deformation 

N  =  number  of  load  repetitions 

s  =  deviatoric  stress 

A,  B,  m  -  constants 

Which  describes  the  deformation  characteristics  during  work-hardening  of  silty  clay  soil 
under  repeated  loading. 

Buranarom  [29]  added  another  term  to  the  equation  to  describe  the  effect  of  water  content. 
It  is  in  the  form  of  a  shift  function.  The  general  equation  is  thus, 

^  =  A  eBaN'mX(w) 


where 


X(w) 


exp±c(w-w°)  =>  moisture  shift  function 


the  water  content 


the  optimum  water  content 


-  constant 


This  equation  is  used  as  one  of  the  bases  of  this  study.  The  equation,  though,  needs  to  be 
simplified  and  converted  to  more  practical  terms  to  make  its  applicability  a  simple  task. 

The  parameter  A  can  be  used  to  describe  the  stress  and  moisture  effects.  It  would  be  stress 
dependent  constant 


The  same  form  of  mechanistic  relation  can  describe  the  permanent  deformation  of  asphalt 
concrete,  except  that  the  parameter  A  would  have  different  dependencies.  The  parameter  would 
normally  be  stress,  rate,  and  temperature  dependent.  The  relation  would  then  be: 

|  =  A(o,w,T)N-"> 


The  peimanent  deformation  evaluation  can  be  a  much  easier  task  because  the  same 
mechanistic  law  is  applicable  to  all  pavement  components,  i.e.,  asphalt,  concrete  and  subgrade. 
The  permanent  deformation  of  the  system  is  a  result  of  the  deformation  of  each  of  the  pavement 
component  layers.  Each  layer  would  contribute  differently  to  the  total  deformation  according  to 
each  road  condition  (Figure  1-1). 


For  the  range  of  moisture  contents  on  the  wet  side  of  the  optimum  (Figure  1-2): 
^  =  0.00139  N-°-918exp(1.0699(w-wo)+B(aappi/auu.)) 


(18) 


For  the  range  of  moisture  content  on  the  diy  side  of  the  optimum  (Figure  1-3): 

^  =  0.00879  N-°918exp(-0.531599(w-wo)+B(o,ppiyouiu))  (1S 

with  the  coefficient  of  multiple  determination  R^  a  0.9999 

In  both  expressions  [18]  and  [19],  the  moisture  content  is  expressed  in  percent  and  ep  has 
the  unit  of  length  per  length.  The  moisture  shift  function  (exp  C(w-w0))  is  shown  in  Figure  14. 


In  a  continuing  series  of  studies  by  Majidzadeh  et  al.,  it  was  shown  that  this  relationship  is 
also  valid  for  describing  rutting  progress  in  all  pavement  layers  --  asphalt  concrete  surface  layer, 
granular  base  course,  subbase  materials,  and  subgrade  soils  [14,15].  In  fact,  the  variation  in  the 
applicability  of  this  model  to  different  materials  is  manifested  in  the  variation  of  parameters  A  and 
m  commonly  known  as  rutting  parameters. 

The  equation  for  subgrade  rutting  is 

£p  =  R  (20) 

where 

R,S  a  material  constants 
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(u‘o)  v  (i‘m‘0)  v 


log  N 


a 


Figure  1*1.  Deformation  of  Each  of  the  Pavement  Component  Layers 


e/NX(w),  10*/  Load  Cycle  (log) 


Load  Cycles  N  (log) 

Figure  1-2.  Master  Curve  for  Rutting  on  Wet  Side  of  Optimum 


328 


e/NX(w),  10*/ Load  Cycle  (log) 


Figure  1-3.  Matter  Curve  lor  Rutting  on  Dry  Side  of  Op.imum 
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Moisture  Shift  Function , 


Moisture  Content  w,  % 


Figure  1*4.  Moisture  Shift  Function  for  Silty-Clay 
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E*  =  dynamic  modulus 

=  deviateric  stress 

m  =  slope  of  subgrade  layer 

N  =  number  of  repitition 

The  equation  for  granular  base  or  subbase  rutting  is: 
ep  =  CiMc2E*c3N1-m 

where 


(21) 


M=  — 


x0  =  octohedred  shear  stress 


=  octahedral  normal  stress 


m  »  slope  for  granular  material 


ci,  C2, C3 


material  constraints 


The  equation  for  asphalt  concrete  rutting  is 

€p  » 

E* 


(22) 


where 

J,S 

<*1 

m 


«  material  constants 
»  principal  normal  stress 

=  slope  for  asphalt  layer 


The  original  O.S.U.  rutting  prediction  method  has  been  recently  modified  to  include  the 
consideration  of  material  cr.  ss-anisotropy  and  bimodularity  which  are  present  in  most  naturally 
occurring  materials  and  which  would  affect  the  pavement  response  to  loading  [11].  In  addition  a 
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finite  element  computer  code  has  been  developed  for  pavement  analysis  which  includes  the  concept 
of  material  non-linearity  and  temperature  dependency  (when  applicable). 


1.5  Texas  A&M  Mode! 

Crockford,  et  al.  developed  a  rutting  model  for  granular  materials  and  subgrade  where  the 
modulus  of  the  material  is  given  as  a  nonlinear  function  [30]: 

E  =  B0I?1(<CocJBj$BiWb«  (23) 


where 

II  =  first  stress  invariant 

x  oct  =  octahedral  shear  stress 

8  =  density 

W  =  moisture  content 

Bq,  Bj,  B2,  B3,  B4  «  regression  constants 

Asphalt  layer  modulus  is  assumed  to  be  C  linear  function.  The  finite  element  code 
TITPAVE  was  used  to  calculate  the  stresses  and  strains  in  the  granular  layer  using  the  moduli 
given  by  the  above  equation.  This  model  was  applied  to  an  airfield  pavement  with  very  good 
agreement  between  measured  and  predicted  nit  depths. 


1.6  The  Elasto-VIsco-Plastic  (EVP)  Mode! 

Rutting  occurs  as  a  combination  of  densificadon  (volume  change)  and  shear  deformation.  It 
has  been  observed  by  a  number  of  investigators  [4,3132]  that  the  shear  portion  is  more  significant 
than  the  volumetric  one.  The  major  portion  of  permanent  deformation  occurs  during  initial 
loading.  The  initially  soft  material  is  being  load-compacted  and  stiffens  until  the  yield  point  is 
reached  where  additional  plastic  shearing  accompanied  by  dilation  (increase  in  volume  due  to  the 
rearrangement  of  particles)  occurs.  The  irreversible  deformation  is,  during  the  entire  process, 
strongly  time  dependent,  primarily  because  the  viscous  nature  of  the  bituminous  binder. 
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The  major  factors  influencing  the  rutting  behavior  are  [1]: 

a.  aggregate  gradations,  size,  angularity  and  perhaps  surface  roughness 

b.  mixture  composition 

c.  compaction  procedure 

d.  temperature 

e.  load  magnitude,  distribution  and  frequency 

f .  thickness  of  the  asphalt  concrete  layer,  etc. 

For  all  granular  materials  (and  for  that  matter,  for  most  other  materials),  the  distinction 
between  VOLUMETRIC  and  DEVIATORIC  deformation  is  essential,  once  the  linear  threshold  has 
been  exceeded.  For  some  stress  levels,  both  volumetric  and  deviatoric  deformation  have  their 
REVERSIBLE  and  IRREVERSIBLE  (permanent)  portions.  Each  of  these  may  or  may  not  depend 
on  the  duration  of  the  load  and  is  modelled  accordingly  as  either  TIME-DEPENDENT  or 
INSTANTANEOUS. 

In  addition,  volumetric  deformation  can  be  such  that  volumetric  stress  performs  POSITIVE 
or  NEGATIVE  work.  The  later  one  is  termed  DILATION.  The  volumetric  irreversible  deformation 
due  to  volumetric  stress  occurs  not  only  for  high  stress  but  also  initially  which  is  referred  to  as 
DENSIFICATION  -  an  irreversible  initial  volumetric  deformation. 

Figure  1-5  illustrates  graphically  the  above  discussion.  The  components  of  deformation 
shown  can  be  modelled  using  classical  plasticity  and  viscoelasticity  theory  with  some 
modifications.  Figure  1-6  demonstrates,  on  the  actual  test  results,  the  existence  of  both 
instantaneous  and  time  dependent  irreversible  deformation. 

1.6.1  Elastic,  Viscoelastic  and  Viscous  Deformation 

Elastic  and  viscoelastic  behavior  can  be  modelled  in  a  simple  manner:  linear  elastic  -  Kelvin 
viscoelastic  material  For  the  modelling  of  tutting  of  asphalt  concrete  pavements,  i.e.,  the 
accumulation  of  irreversible  deformation  -  the  reversible  portions  are  of  lesser  importance.  In 
addition,  pure  elastic  behavior  occurs  for  a  relatively  small  stress  range  (if  indeed  if  occurs  at  all). 

Viscous  behavior  of  asphalt  concrete  for  moderate  stresses  and  strains  is  usually  modelled 
as  linear,  while  for  higher  stresses  and  strains,  nonlinearity  becomes  apparent  [33]. 


Axial  Strain  (%) 


Creep  Test  (A28G9)  to  50  psi  +  350  psi  Stress  Difference 
Marshall  Pavement  (C279S)  @  120° 


Instantanioua  (Plastic) 
Time-Dependent  (Viscous) 


000  1500  2000  2500  3000  35 

Time  (sec) 


Figure  1-6.  Creep  Test  -  Series  of  Loading  end  Unloading 
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In  addition,  due  to  the  time-dependent  nature  of  deformation,  for  loads  of  long  duration  the 
strains  exceed  the  range  of  small  strain  assumption  and  geometric  nonlinearities  should  be 
considered. 

1.6.2  Plastic  Behavior 

Within  the  framework  of  classical  (yield  surface)  plasticity  the  following  need  to  be 
identified  and  quantified: 

a.  Yield  Surface 

b.  Flow  Rule 

c.  Hardening  Rule 

The  accurate  identification  of  the  yield  surface  requires  a  series  of  different  stress  path  tests. 
The  triaxial  test  apparatus,  with  electronic  control  of  both  axial  stress/strain  and  confining  pressure, 
provides  sufficient  flexibility  for  such  testing. 

The  associated  flow  rale  assumes  that  the  plastic  strain  increment  is  normal  to  the  yield 
surface.  When  applied  to  soils,  with  the  Drucker-Prager  or  Mohr-Coulomb  yield  condition,  it 
usually  predicts  significantly  higher  dilation  than  experiments  suggest  (34,35]. 

Hardening  rale  can  be  specified  as  isotropic  or  anisotropic.  The  latter  may  contain 
kinematic  and/or  distortion  components.  Kinematic  hardening  accounts  for  the  Bauschinger  effect 

1.6.3  Denstflcatkm 

Dcnsificatton  can  also  be  understood  as  a  plastic  behavior.  However,  it  occurs  initially,  at 
low  stress  levels,  as  opposed  to  the  yield  surface  plasticity,  where  the  plastic  deformation  occurs 
after  the  threshold  value  of  stress  is  reached.  The  following  questions  need  to  be  answered: 

a.  Does  the  daisificaiion  limit  as  defined  above,  depend  on  the  dcviaioric  stress? 

b.  Does  the  same  limit  depend  on  stress  history? 

c.  What  is  the  shear  stiffocs*  in  the  dcnsificatton  region  of  the  stress  space? 

To  answer  the  first  question  one  needs  to  perform  essentially  the  same  set  of  tests  as  for  the  proper 
definition  of  yield  surface.  The  second  question  is  similar  to  the  hardening  problem  in  the  plastic 
model  Shear  stiffness  (linear  or  nonlinear)  can  be  determined  from  a  series  of  triaxia)  shear  tests. 
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The  components  of  the  deformation  are  defined  in  the  simplest  possible  manner: 

a.  Linear  elastic,  viscoelastic  and  viscous  behavior  Theologically  modelled  as  a  Burger 
body  with  deviatoric  viscous  deformation  only  (Figure  1-7).  The  differential  equations 
of  such  a  model  read: 

3ij  +  {®L±SJLJ  +  $  y  +  Sl-+  Si  Sij  =  2G2eij  +  Sl±Gi  Cj  (24) 

"  Hi  H2  "  Hi  H2  ’  Hi  ‘ 

ou+5L±B2CT,  =  fi2E>+Sli2.£v  (25) 

Pi  Pi 

where 

Sjj  =  deviatoric  component  of  the  total  stress 

Ojj  =  stress 

cv  =  volumetric  stress 

ejj  =  deviatoric  component  of  the  total  strain 

Ejj  *  strain 

ev  =  volumetric  strain 

Bi/2,  Gi/2.  Pi/2»  4 1/2  =  bulk  and  shear  moduli  of  the  corresponding  strain 

components.  The  differential  equation  is  readily  solved 
for  the  constant  stress/strain  (rate)  conditions. 

b.  Drucker-Prager  yield  condition:  F(ojj)  =  Ij  +  VJ2  -  k  =  0  ,with  associated  flow  and 
isotropic  Hardening. 

c.  Linear densification  model  with  the  limits:  0  <  ov  <  o^v« 

d.  Elastic,  viscoelastic  and  densification  Poisson  ratios  assumed  equal. 

e .  All  components  of  deformation  independent  of  each  other. 

In  order  to  define  model  parameters,  tests  are  performed  at  two  standard  mixes  (Marshall  and 
Gyratory)  and  two  ambient  temperatures.  Elastic,  viscoelastic  and  viscous  parameters  can  be 
determined  form  uniaxial  or  triaxial  creep  test  by  simply  fitting  the  creep  compliance: 
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Figure  1-7.  Clastic,  Vlscoalastlc  and  Viscous  Modal  of  Asphalt  Concrete 


to  the  experimentally  obtained  curve. 

Densification  bulk  modulus  and  densification  limit  can  be  obtained  from  hydrostatic  test 
performed  on  virgin  material.  Figure  1-8  shows  the  volumetric  stress-strain  curve  for  Marshall  mix 
at  120°F. 

Plasticity  parameters  are  somewhat  more  difficult  to  obtain.  First  parameters  to  be  obtained 
are  the  yield  function  parameters,  a  and  k.  Yield  surface  is  defined  by  two  points  in  the  stress 
space.  It  is  therefore  sufficient  to  recognize  the  initial  yield  points  for  any  two  different  tests.  The 
main  difficulty  is  the  recognition  of  yield  point  Asphalt  concrete  always  exhibits  viscous  and 
viscoelastic  behavior  so  that  nonlinear  stress-strain  behavior  is  always  present.  However,  one 
distinct  quality  can  be  attributed  to  the  plastic  flow  consistent  with  the  model  used  -  large  dilation. 
Consequently,  one  can  define  yield  as  the  beginning  of  large  dilatation  and  recognize  it  from 
experimental  data  accordingly.  Figure  1-9  shows  typical  volumetric  behavior  during  constant  strain 
rate  triaxial  test 

Having  defined  the  yield  surface,  the  next  step  is  the  definition  of  the  hardening  function. 
This  is  done  by  using  the  results  of  the  constant  strain  rate  triaxial  test  Since  all  the  other  (non¬ 
plastic)  components  of  deformation  are  defined,  plastic  strain  can  be  determined  at  any  time,  as  the 
difference  between  the  observed  and  the  predicted  non-plastic  strain.  Figure  1-1 1  shows  the 
deviatoric  stress-strain  curve  for  both  theoretical  non-plastic  model  and  real  behavior. 

The  accumulation  of  strain  is  modelled  following  the  O.  S.  U.  model  [12).  The  strain 
accumulated  after  N  cycles,  CgccCN),  is  given  by: 

/n(!^dW)  =  (l-m)finN  (26) 

£wo(l) 

where 

eacc(l)  =  one  cycle  permanent  strain 

m  «  constant  determined  experimentally  from  series  of  uniaxial  cyclic  loading 

tests 

N  »  number  of  cycles 


Hydros  tat  (A27A9)  to  120  pst 


Gyratory  SEOpsi  74F 
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Figure  1-10.  Deviatoric  Behavior  During  Contant  Strain  Rate  Triaxiai 
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Figure  1-11.  Experimental  and  Theoretical  Rut  Depth  Accumulation  for 

Marshall  Pavement  at  105°  F 


The  above  model  is  successfully  implemented  in  the  FE  code.  Figure  1-7  shows  the 
comparison  between  predicted  and  field  test  rutting  for  the  Marshall  mix  pavement 

The  model  has  all  the  major  components  of  deformation,  at  least  qualitatively.  The  direction 
of  future  research  are  as  follows: 

a.  Components  of  the  model,  keeping  the  same  general  theoretical  framework,  will  be 
defined  in  a  way  that  conforms  to  reality. 

b.  The  theoretical  framework  will  be  expanded  to  include  more  complex  phenomena,  such 
as  the  viscous  plastic  interaction,  history  dependence,  induced  and  inherent  anisotropy. 
A  variety  of  models  is  presently  available  for  the  modelling  of  these  phenomena  [36]. 
Recently  developed  hierarchical  plasticity  models  [34-38]  have  the  capability  to  model 
the  history  dependence  of  the  material,  viscoplastic  responses,  induced  and  inherent 
anisotropy.  These  models  have  been  verified  with  respect  to  laboratory  and  field  tests 
fora  number  of  geologic  materials  which  exhibit  properties  similar  to  those  of  asphalt 
concrete.  This  will  be  one  avenue  of  the  proposed  theoretical  research. 

c.  Knowledge  of  the  history  dependence  of  the  different  components  of  the  model  will 
enhance  the  understanding  of  the  accumulation  process  and  allow  the  improvements  of 
the  accumulation  model. 


1 .7  Hierachical  Concept:  Toward  a  Complex  Model 

Although  the  application  of  a  BASIC,  simplicst  credible  model  as  discussed  previously 
may  suffice  most  conditions,  more  complex  constitutive  laws  are  required  for  Granular 
Composites  Materials,  such  as  asphalt  concrete,  portland  cement  concrete  and  aggregate  base  and 
lime/cement/aggregate  materials  subjected  to  complex  state  of  stresses.  The  more  complex  model 
should  include  [36]: 

a.  Yield  function  to  be  expressed  in  terms  of  J  i ,  J2,  J3.  or  J2D  and  J31),  and  mixed 
variant  Ip. 

b.  Yield  function,  shall  be  a  single  yield  surface,  rather  than  two  intersection  yield 
functions;  such  condition  reduces  the  number  of  required  parameters  as  compared  to  the 
multi-surface  models  presented  in  literature  (Figure  1-12). 

As  example,  one  of  many  hierachical  models  may  have  a  general  form  of  the  yield 
function  F  is  as  follows: 
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Ultimate  Envelope 


Figure  1-12.  Slng«e  Yield  Surface 


F  =  J2D-  (aJi*+  8Jj*)  (l-pSi)ra  +  0 


(27) 


where 


S,=^E!1 

J2DW 


m  =  -1/2 
a,  J3,  5  =  constants 

For  materials  having  cohesion  and  tensile  strength  the  stress  terms  in  this  equation  are 
increased  to  include  tensile  strength,  R. 

<Tl*  as  0i  +  R 
o2*  =  o2  +  Ri 
ct3‘  =  cj3  +  R 

The  model  is  expected  to  represent  Portland  Cement  concrete,  asphaltic  concrete,  and 
aggregate  base. 

It  includes  material  constants  which  can  simulate  hardening  and  include  the  effects  of  stress 
path,  volume  change  and  coupling  of  shear  and  volumetric  responses. 


2.  State-of-the-Art  Review  of  Cracking  Prediction 
Models  Using  Fracture  Mechanics 


2.1  Introduction 

Fracture  mechanics  has  been  used  in  the  past  to  analyze  cracking  in  metals.  However,  due 
to  the  heterogeneous  characteristics  of  pavement  materials,  the  application  of  fracture  mechanics  to 
analyze  cracking  in  pavements  was  not  attempted  until  the  Ohio  State  University.  Researchers 
initiated  a  study  in  early  seventies  to  investigate  the  feasibility  of  using  fracture  mechanics  for  this 
propose.  This  research  indicated  that  fracture  mechanics  analysis  was  suitable  for  analyzing 
cracking  in  pavements  [39].  Subsequent  research  resulted  in  the  development  of  methods  and 
procedures  which  could  be  used  to  analyze  the  damages  in  pavements  of  different  structural 
configuration  and  subjected  to  various  traffic  loading  and  environmental  conditions.  The  objective 
of  this  paper  is  to  briefly  describe  the  advancements  in  this  technology  since  early  seventies.  These 
advancements  closely  followed  the  developments  in  the  analysis  and  application  of  fracture 
mechanics  in  metals  and  other  materials. 

Initally  the  technology  was  developed  to  apply  linear  fracture  mechanics  in  the  analysis  of 
cracks  in  beam  and  slabs  resting  on  elastic  foundations.  The  main  concern  at  that  time  was  to 
estimate  the  stress-intensity  factor  of  various  types  of  loading  configuration,  crack  patterns  and 
geometry  so  that  the  rate  of  cracking  relationship  represented  by  the  following  formula  can  be 
developed: 


dc/dN  =  A  Kn  (28) 

where 

c  -  crack  length 

K  =  stress-intensity  factor 

A,n  s  regression  constants  determined  from  the  analysis  of  data 

N  -  number  of  repititions 

A  method  was  developed  at  the  O.S.U.  in  1970  to  estimate  the  stress-intensity  factor,  K  for 
a  beam  on  elastic  foundation  loaded  at  the  center  using  the  boundary  collocation  method  (40].  The 
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stress-intensity  factors  for  a  slab  with  a  semi-infinite  crack  and  resting  on  an  elastic  foundation 
were  obtained  using  the  solution  developed  by  Ang,  et  al.  [41].  Ramsamooj  [40]  developed  an 
analytical  procedure  to  estimate  K-values  for  moving  loads  also. 

Subsequent  improvements  in  the  analytical  and  experimental  techniques  included  the 
considerations  for  mix  of  mode  crack  propagation,  specially  when  rigid  pavements  are  overlaid 
with  asphaltic  mix  layers.  In  these  pavements,  Mode  I  cracking  (or  tension  cracking)  can  occur 
due  to  thermal  stresses  in  the  asphalt  concrete  layer.  Also,  due  to  traffic  loads,  the  cracks  at  a  joint 
may  occur  due  to  normal  shear  (Mode  II).  Thus  reflection  cracking  in  these  pavements  may  occur 
due  to  a  mix  mode  fracture  of  the  asphaltic  material. 

For  mixed  mode  fracture,  the  O.S.U.  model  utilized  the  crack  growth  law  in  terms  of  the 
strain-energy-density  factor  along  the  direction  of  fracture  (S^,,): 

dc/dN  =  B(Smin)n  (29) 

The  fatigue  life,  or  number  of  load  applications  to  produce  a  crack  through  the  overlay,  is  given  by: 

Nf=f«  (30) 


where 

c0  =  initial  starter  flaw  length 

Cf  =  crack  length  at  which  the  overlay  is  considered  failed  (either  its  thickness 
or  the  length  at  which  the  critical  Smin  =  Scr,  is  reached,  whichever  is 
less)  and  Scr,  B,  and  n  arc  material  constants  derived  from  fatigue  tests  on 
asphaltic  concrete  beams 

Further  developments  in  the  analysis  of  stresses  at  or  near  the  crack  tip  indicated  that  the 
assumptions  of  linear  fracture  mechanics  may  not  be  valid  for  ductile  materials  like  asphaltic  mixes 
because  the  size  cf  plastic  zone  in  this  area  may  be  large  enough  to  cause  significant  deviations 
from  the  assumption  of  linear  fracture  mechanics.  Therefore,  the  use  of  J-integral  and  C*  line 
integral  in  the  analysis  of  cracking  in  pavements  was  investigated  and  procedures  were  developed 
to  test  the  pavement  materials  in  the  laboratory  for  this  purpose.  It  was  noted  that  the  use  of  these 
parameters  could  improve  and  extend  the  use  of  fracture  mechanics  ananlysis  to  materials  depicting 
non-linear  behavior. 
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The  above  is  a  very  brief  description  of  the  developments  related  to  the  use  of  fracture 
mechanics  in  the  prediction  of  cracking  in  pavements.  Further  details  of  some  of  these 
developments  are  briefly  summarized  in  the  subsequent  sections  of  this  paper.  For  this  purpose, 
the  discussions  in  the  paper  have  been  divided  into  the  following  topics: 

a.  Application  of  fracture  mechanics  to  pavement  materials, 

b.  Application  of  fracture  mechanics  to  analyze  pavements, 

c.  Effect  of  mix  variables  on  the  fatigue  parameters, 

d.  Extension  of  cracking  analysis  to  include  non-linear  behavior  of  materials,  and 

e.  Considerations  for  the  statistical  nature  of  the  pavement  system  and  itscomponents. 


2.2  Application  of  Fracture  Mechanics  to  Pavement  Materials 

Due  to  the  heterogeneous  nature  of  common  asphaltic  mixes,  relatively  uniform  mix  of 
sand-asphalt  was  initially  selected  for  testing  samples  in  the  laboratory.  Three  different  systems, 
viz.,  simply  supported  beams,  beams  supported  on  elastic  foundation,  and  slabs  supported  on 
elastic  foundation  were  subjected  to  repeated  loads  of  constant  magnitude.  The  results  obtained 
from  these  tests  indicated  that  the  rate  of  crack  propogation,  dc/dN,  in  each  system  could  be 
represen  ted  by  the  general  relationship  known  at  that  time  [42,43]  and  represented  by  Equation 
(28). 

Subsequent  research  included  asphalt  mixes  containing  aggregates  which  were  used  in  the 
surface  mixes  by  the  Ohio  Department  of  Transportation  [44].  It  was  observed  that  the  relationship 
represented  by  Equation  (28)  was  still  valid  for  these  mixes.  This  was  considered  to  be  sufficient 
evidence  of  the  hypothesis  that  the  concepts  of  fracture  mechanics  were  applicable  to  pavement 
materials.  Therefore,  the  research  was  continued  to  determine  the  various  items  needed  for  the 
analysis  of  cracking  in  the  pavements. 


2.3  Application  of  Fracture  Mechanics  to  Analyze  Pavements 

Once  it  was  established  that  die  concepts  of  fracture  mechanics  were  applicable  to  the 
paverrrcnt  materials,  it  was  necessary  to  investigate  the  applicability  of  Equation  (28)  in  the  analysis 
of  pavement  damage.  A  pavement  system  is  generally  affected  by  several  variables,  among  which 
the  pavement  support  conditions,  traffic  loading,  environmental  conditions,  and  structural 
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geometry  are  important  Therefore,  the  research  was  conducted  to  determine  the  effect  of  these 
variables  on  the  rate  of  cracking  as  represented  by  dc/dN  in  Equation  (28).  Since  dc/dN  is  a 
function  of  parameters  A,  n,  and  K,  the  purpose  of  research  in  this  connection  was  to  determine 
the  effect  of  various  variables  on  any  one  or  more  of  these  parameters.  The  results  of  this  research 
are  briefly  summarized  in  the  following  paragraphs.  Sand-asphalt  beams  and  slabs  resting  on 
elastic  foundation  were  used  in  most  of  these  investigations  (except  for  tests  to  determine  the  effect 
of  support  conditions,  in  which  simply  supported  beams  were  used).  The  beams  were  generally 
3  inches  wide  x  2  inches  deep  x  24  inches  long  and  slabs  were  44  inches  in  diameter  and 
1.5  inches  thick.  Elastic  foundation  consisted  of  natural  rubber.  Different  thicknesses  were  used 
for  beams  and  slabs. 

2.3.1  Effect  of  Support  Conditions  on  the  Rate  of  Cracking 

Two  different  elastic  supports  as  well  as  no  support  (beam  supported  at  its  ends  only)  were 
used  in  this  experiment  The  results  of  these  experiments  are  shown  in  Figure  2-1.  These  results 
indicate  that  there  is  a  significant  effect  of  support  conditions  on  the  rate  of  cracking.  Both 
parameters  A  and  n  of  Equation  (28)  are  affected  by  these  conditions  as  shown  in  Figure  2-1. 

2.3.2  Effect  of  Load  Magnitude  on  the  Rate  of  Cracking 

Sand-asphalt  beams  (3  inches  wide  x  2  inches  deep  x  24  inches  long)  resting  on  elastic 
foundation  were  subjected  to  three  levels  of  constant  load  amplitude  (20,30  and  40  pounds). 

Figure  2-2  shows  the  crack  growth  in  these  beams  for  normalized  fatigue  life  Ni/Nf.  It  is  important 
to  note  that  the  load  magnitudes  of 20,30  and  40  pounds  result  in  an  identical  c-  (Ni/Nf)  relation. 
This  implies  that  for  monotonic  loading  of  constant  amplitude,  the  crack  growth  or  "damage" 
accumulation  is  independent  of  stress  levels  (39],  Also,  the  rate  of  crack  propogation  was  plotted 
against  the  stress  intensity  factor.  This  plot  (see  Figure  2-3)  shows  that  the  data  follows  the  general 
trend  represented  by  Equation  (28)  with  n  being  equal  to  4.0. 

Tests  were  also  conducted  on  sand  asphalt  slabs  of  44  inches  diameter  and  1.5  inches 
thick.  The  results  of  these  tests  indicated  that  the  rate  of  cracking  (dc/dN)  followed  the  same 
relationship  as  beams  (see  Equation  28)  as  shown  in  Figure  24. 

2.3.3  Effect  of  Rest  Period  on  the  Rate  of  Cracking 

The  effect  of  rest  period  on  the  rate  of  cracking  (dc/dN)  was  studied  on  beams  as  well  as 
slab  samples.  For  this  purpose  the  load  was  applied  for  a  duration  of  0.1  second  (half-sine  form) 
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Figure  2-1.  Comparison  of  Rates  of  Crack  Propagation  in  Simply 
Supported  Beams  and  Beams  on  Elastic  Foundation 
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and  was  followed  by  a  rest  period  of  specified  duration.  In  case  of  beam  samples,  the  rest  periods 
of  0, 0.4  and  0.8  second  were  selected.  The  results  of  these  tests  are  shown  in  Figure  2-5.  It  is 
evident  from  this  figure  that  the  effect  of  rest  period  on  the  rate  of  cracking  is  insignificant  and  the 
same  general  Equation  (28)  applies  to  this  case.  Subsequent  tests  on  slabs  resting  on  elastic 
foundation  indicated  similar  trends  [39]. 

2.3.4  Effect  of  Load  Sequence  on  the  Rate  of  Cracking 

The  effect  of  load  sequence  on  the  rate  of  cracking  (dc/dN)  in  beam  samples  is  shown  in 
Figure  2-6.  This  figure  shows  the  results  of  tests  using  three  different  loading  sequences.  The 
members  in  each  sequence  represent  the  loads  in  pounds.  For  example,  20/30/40  represents  the 
sequence  of  20, 30,  and  40  pound  loads  applied  to  the  sample.  It  is  evident  from  this  figure  that  the 
load  sequence  affects  the  rate  of  cracking  significanlly  [39].  Similar  results  were  obtained  from 
tests  on  slabs  using  two  different  loading  sequences  as  shown  in  Figure  2-7.  Both  of  the 
parameters  A  and  n  are  to  be  adjusted  to  include  the  effect  of  loading  sequence  on  the  damage  in 
pavements. 

2.3.5  Effect  of  High  Stress  Levels  on  the  Rate  of  Cracking 

The  Elastic  Fracture  mechanics  studies  of  crack  tip  stresses  and  deformations  arc  useful  but 
limited  as  pointed  out  by  Rice  and  Drucker  [45,47].  The  limitation  is  mainly  due  to  the  inherent 
assumption  in  elasticity,  which  disregards  the  geometrical  singularity  or  material  strength  limit  at 
the  point  where  stresses  arc  concentrated.  Therefore,  in  order  to  verify  the  applicability  of  analysis 
based  on  these  assumptions,  the  slabs  were  subjected  to  high  levels  of  stresses.  Loads  of  500  and 
600  pounds  were  used  for  this  purpose.  The  results  of  these  tests  indicated  that  crack  patterns  in 
the  slab  were  very  similar  to  that  obtained  from  loads  of  lesser  magnitude.  However,  large  amount 
of  permanent  deformations  were  observed  under  the  loaded  area.  Figure  2-8  shows  the 
accumulation  of  permanent  deformation  under  the  load.  Except  for  the  initial  portion,  where  the 
plot  is  curved,  it  was  noted  that  the  rate  of  change  in  permanent  deformation  was  approximately 
constant  ami  can  be  represented  by  a  relationship  of  the  following  form: 

(dp/dN)  =  Constant  (3 1 ) 

It  was  also  observed  that  the  permanent  deformations  under  the  load  were  not  caused  by  the 
densification  of  the  material.  ‘litis  fact  was  verified  by  the  x-ray  photographs  of  the  area. 
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Permanent  Deformation 


Figure  2-8.  Variation  of  Permanent  Deformation  with  Load  Repetition  for 

500  lb.  Load  Series 
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Therefore,  the  flow  of  material  under  the  loaded  area  was  suspected  to  be  the  cause  of  permanent 
deformation  recorded. 

The  rate  of  crack  propogation  for  cracks  outside  the  loaded  area  (until  to  the  point  of 
failure)  were  plotted  and  are  shown  in  Figures  2-9  and  2- 10.  These  plots  show  that  the  rate  of 
cracking  can  still  be  represented  by  Equation  (28)  and  is  not  affected  by  the  amount  of  permanent 
deformation  under  the  loaded  area. 

2.3.6  Effect  of  Temperature  on  the  Rate  of  Cracking 

Slabs  resting  on  elastic  foundation  were  tested  at  temperatures  of  approximately  41, 77, 
and  90°F  to  determine  the  effect  of  temperature  on  the  rate  of  cracking.  The  results  of  these  tests 
indicated  that  for  the  range  of  temperatures  selected  for  this  study,  the  crack  growth  rate 
represented  by  Equation  (28)  was  still  a  valid  relationship.  However,  at  low  temperatures,  when 
the  crack  appeared  on  the  top  of  slab,  it  propogated  rapidly  and  catastrophic  failure  occurred.  Thus 
the  failure  criteria  in  this  case  is  represented  by  the  critical  stress-intensity  factor,  Kic  as  shown  in 

Figure  2-11.  These  results  were  verified  by  applying  two  different  levels  of  loads  to  the  slabs. 

Tests  conducted  at  90°F  indicated  that  the  crack  growth  rate  relationship  still  applied  to  the 
cracks  at  the  top  of  surface  as  shown  in  Figure  2-12. 

2.3.7  Effect  of  Structural  Geometry  on  the  Rate  of  Cracking 

Two-dimensional  pavement  models  represented  by  a  beam  on  elastic  foundation  as  well  as 
three-dimensional  pavement  models  represented  by  a  slab  on  elastic  foundation  were  tested  in  the 
laboratory  to  compare  the  rate  of  cracking  in  each  case.  It  was  observed  that  the  rate  of  cracking 
was  unaffected  by  the  geometry  of  model  structure  and  parameters  A  and  n  obtained  from  both 
system  were  same.  Thus,  the  stress-intensity  factors  estimated  for  each  system  accommodated  the 
differences  in  the  structural  geometry  of  these  two  models  as  shown  in  Figure  24. 

2.3.8  Effect  of  Moving  Load  on  the  Stress-Intensity  Factors 

The  discussions  so  far  related  to  the  experiments  conducted  by  loading  the  samples  at  a 
given  point.  However,  it  was  considered  important  to  study  the  effect  of  moving  load  on  the 
pavement  damage.  Therefore,  analytical  procedures  were  developed  to  estimate  the  stress-intensity 
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Rate  of  Crack  Propagation,  dc/dN,  in.  /cycle 


Figure  2*9.  *ic/dN  -K  Relation  for  a  SCO  lb.  Load  Series 
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Rate  of  Crack  Propagation,  dc/dN,  in.  /cycle 


Figure  2-10.  dc/dN  -K  Relation  for  a  600  lb.  -  300  lb.  Load  Sequence 
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Rate  of  Crack  Propagation,  d  c/dN,  In.  /cycle 


Rate  of  Crock  Propagation,  dc/dN,  In,  /cycle 


factor  for  these  cases.  A  typical  plot  of  influence  lines  of  the  indicated  loads  is  shown  in  Figure 
2- 13.  Damage  due  to  each  moving  load  can  be  accumulated  for  each  crack  location  and  the  position 
of  load  as  shown  in  this  figure. 


2.3.9  Fatigue-Life  of  a  Pavement 

The  results  of  various  tests  on  beams  and  slabs,  which  were  conducted  in  the  laboratory  to 
determine  the  applicability  of  rate  of  cracking  Equation  (28)  to  various  load  configurations  and 
geometry  of  structure  have  been  summarized  in  this  section.  These  results  indicated  beyond  doubt 
that  Equation  (28)  was  applicable  to  beams  and  slabs  as  well  as  wide  range  of  loads  and  pavement 
temperatures.  Therefore,  it  is  feasible  to  use  this  approach  in  estimating  the  fatigue  life  of  a 
pavement,  provided  the  parameters  A  and  n  of  the  material  and  related  support  conditions  have 
been  determined  from  laboratory  tests.  For  this  purpose.  Equation  (28)  can  be  rearranged  and 
integrated  as  indicated  below: 

dc/dN  =  A  Kn 
or 

dN  a  dc/(A  Kn) 


or 


H/Kn)]dc 


or 

(1/Kfl)dc 


where 


Nf  =  fatigue  life  in  number  of  cycles  applied 
Co  a  initial  flaw  size  in  pavement  at  cycle  «  0 

Cf  a  rind  crack  sice  at  the  end  of  Nf  cycle  or  failure 


(32) 
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Figure  2-13.  Typical  Influence  Lines  for  Ki  and  K?  for  a  Semi-Infinite 
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K  =  stress-intensity  factor, 

A, it  =  material  parameters  determined  from  laboratory  tests 

The  above  equation  indicates  that  the  fatigue  life  can  be  estimated  by  integrating  the  plot  of 
crack,  c  vs.  (1/Kn)  between  the  boundaries  of  c0  and  Cf. 

Experimental  as  well  as  analytical  procedures  have  been  developed  to  determine  the  stress- 
intensity  factors  for  various  crack  lengths  in  beams  and  slabs.  These  methods  utilize  boundary 
collocation  and  finite  element  methods  to  estimate  K  for  the  given  structural  geometry  [39].  Thus  a 
c-K  relationship  or  c-(l/Kn)  relationship  can  be  developed  for  the  given  pavement  which  has  been 
subjected  to  specified  load.  A  normalized  c-(K/P)  relationship  can  also  be  developed  if  the  given 
load  P  is  expected  to  vary.  The  starter  flaw  size  c0  and  final  crack  size  cf  can  be  determined  for  the 
given  pavement  and  A  and  n  can  be  experimentally  determined  so  that  the  fatigue  life  of  the  given 
pavement  can  be  estimated.  The  details  of  procedure  to  obtain  various  parameters  of  Equation  (30) 
are  described  in  previous  reports  [39,47].  A  brief  discussion  of  the  effect  of  mix  variables  on 
fatigue  parameters  is  included  in  the  subsequent  paragraphs. 


2.4  Effect  of  Mix  Variables  on  the  Fatigue  Parameters 

Important  mix  variables  which  affect  the  fatigue  parameters  (c0,  A,  n)  are  the  aggregate 
gradation,  mix  density,  asphalt  content,  void  content  of  the  mix,  moisture  content,  and  temperature 
of  the  mix.  Studies  were  conducted  to  determine  the  effect  of  each  one  of  these  variables  on  any 
one  or  more  fatigue  parameters  A,  n  and  c0.  The  results  of  these  studies  are  available  in  references 
[44,47]  and  other  reports  published  in  this  connection.  A  brief  summary  of  some  important  results 
of  these  studies  is  included  in  the  following  paragraphs: 

2.4.1  Initial  Flaw  Size,  co: 

Initial  flaw  size,  c0  is  a  property  of  pavement  material  and  vary  with  the  type  of  mix, 
gradation,  etc.  Although  an  average  value  as  determined  from  laboratory  tests  can  be  used  for 
deterministic  analysis,  the  distribution  of  c0  in  a  given  mix  can  be  successfully  used  in  the 
stochastic  analysis  of  fatigue  failure  in  pavements.  Results  of  previous  studies  indicate  that  flaw 
size,  c0  does  not  depend  on  the  air  voids  in  the  mix,  but  the  distribution  of  c0  in  a  given  mix 
depends  on  its  air  void  content.  More  air  voids  in  the  mix  tend  to  distribute  c 0  more  widely  than  the 
mixes  with  less  air  voids  [44]. 
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2.4.2  Parameters  A  and  n: 


The  value  of  fatigue  parameter  A  decreases  as  the  dynamic  modules  of  asphalt  mix 
increases  [44]  for  the  mixes  of  same  density.  Also,  as  the  temperature  of  mix  increases,  the  value 
of  parameter  A  increases  as  shown  in  Figure  2-14.  These  results  can  be  used  to  adjust  the  value  of 
parameter  A  for  these  mix  variables. 

The  value  of  parameter  n  was  found  to  remain  constant  for  most  of  the  mixes  tested 
previously  and  vary  only  with  the  support  conditions  (see  Figure  2-1). 


2.5  Extension  cf  Cracking  Analysis  to  Include  Nonlinear 
Behavior  of  Materials 

Fatigue  life  generally  passes  through  three  district  periods:  initiation  of  crack,  propagation 
of  the  crack  to  a  critical  size,  and  ultimate  failure.  Throughout  this  process  plastic  zones  are  created 
in  the  material  even  when  it  is  subjected  to  the  alternating  low  levels  of  stresses.  These  zones  are 
created  mainly  due  to  the  presence  of  crack.  In  addition,  during  each  loading  cycle  the  sharp 
aggregate  corners  transmit  point  loading  conditions  to  the  asphalt  cement  with  a  stress  singularity. 
Hence,  even  before  crack  formation,  a  plastic  zone  exists  at  each  contact  point  of  sharp  aggregate 
and  asphalt  cement,  and  energy  is  dissipated  through  cyclic  plasticity.  Once  a  crack  is  initiated, 
then  at  the  tip  of  the  crack,  stresses  assume  an  inverse,  square  root  stress  (and  strain)  singularity. 
Because  the  material  can  tolerate  stresses  up  to  its  yield  point,  a  plastic  zone  around  the  crack  tip 
f orms  and  blunts  the  crack  advance.  The  sire  of  this  plastic  zone  is  critical  in  the  analysis  of  fatigue 
life.  If  the  plastic  zone  thus  formed  is  small  compared  to  the  crack  sire  and  the  geometry  of  the 
continuum,  linear  elastic  fracture  mechanics  can  approximate  conditions  of  failure  favorably  (small 
scale  yielding).  On  the  other  hand,  if  the  sire  of  the  plastic  zone  cannot  be  ignored  (several  orders 
of  magnitude  of  the  crack  sire),  a  nonlinear  fracture  mechanics  approach  is  more  appropriate.  With 
this  in  mind,  aiu\!ysis  based  on  J  integral  and  C*-line  integral  was  developed. 

The  path  independent  J  integral  was  defined  by  Rice  (48}  as  follows: 

JMWdy-T&ds  (33) 

Jr 
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Figure  2-14.  Variation  of  Fatigue  Parameter  A  with  temperature 


TEMPERATURE 


where 


T  =  contour  surrounding  the  tip  of  the  crack  extending  in  the  x  direction 

W  =  strain  energy  density  function 

T  =  traction  vector  defined  by  the  outward  normal  n  along  T:  Tj  =  SijNj 
u  =  displacement  vector 

s  =  arc  length  along  r 


Rice  has  also  proven  the  path  independence  of  this  integral.  Since  the  only  point 
surrounded  by  the  all  possible  paths  is  the  crack  tip,  it  follows  that  the  J  integral  is  the  description 
of  the  crack  tip  field.  For  the  linear  case  (or  small  scale  yielding),  the  the  J  description  is  equivalent 
to  the  stress  intensity  and  energy  release  rate  (crack  driving  force)  descriptions: 

J  =  S  =  Gi  (34) 


In  case  of  large  scale  nonlinearities,  the  interpretation  of  J  as  a  crack  driving  force  is  lost, 
however  the  J  integral  still  represents  the  energy  difference  between  two  similar,  identically  loaded 
bodies  with  different  crack  lengths  1  and  1+  dl: 


(35) 


where  U  is  the  potential  energy  [49];  Begley  and  Landes  [49]  discuss  the  application  of  the  I 
integral  as  a  fracture  criterion.  The  basis  for  the  application  to  the  large  scale  nonlinearities  is 
provided  by  Hutchinson  [50]  and  Rice  and  Rosengreen  [51]  who  analyzed  the  crack  tip  fields 
within  the  framework  of  deformation  plasticity.  The  J  integral  turns  out  to  be  a  valid  description  of 
the  crack  tip  field  in  this  case.  The  limitation  is  obviously  that  the  unloading  is  not  allowed,  which 
limits  this  application  to  crack  initiation  and  small  subcritical  growth. 


Abdulshafl  and  Majidzadeh  [52]  applied  the  J  integral  concept  to  the  fracture  and  fatigue  of 
asphalt  pavements.  They  used  the  notched  disc  specimens  loaded  within  the  notch  with  various 
thicknesses  c0  and  initial  crack  lengths  c.  Table  2-1  shows  the  comparison  of  and  Jjc  failure 
criteria.  The  J \c  docs  not  show  any  variation  with  Cq  and  can  be  accepted  as  a  material  property 
with  more  certainty.  The  same  authors  attempted  to  establish  the  fatigue  crack  growth  relation, 
analogous  to  the  Fans  equation  but  in  terms  of  J,  rather  than  K  as  follows: 
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(36) 


Figure  2-15  shows  the  results  of  this  study.  The  relation  appears  to  be  bilinear  but  more 
experiments  are  needed  to  establish  this  relation. 


Table  2-1.  Comparison  of  Kic  and  Jic 


CO 

Thickness  t 
(Inches) 

Pfall 

(lb) 

Kic 

(psl) 

Jic 

(Ib.ln.  x  10*2 

(psl) 

0.25 

2.6 

1,287.5 

496.9 

■■ 

2.60 

1,225 

531 

1,900 

169.2  X  102 

0.75 

2.55 

987.5 

540 

1,900 

174.9  x  10* 

2.6  Consideration  for  the  Statistical  Nature  of  the  Pavement 
System  and  its  Components 

The  stochastic  nature  of  the  fracturing  process  has  been  realized  for  a  long  time.  The 
fundamental  Weibull's  weakest  lfo*-  theory  [53]  has  been  used  extensively.  According  to  this 
theory,  the  failure  probability,  P  *,  in  volume  V  is  given  by: 

Pf  a  l*exp[»(  dvf  g(s)ds 


where 

g($)  ob  number  of  defects  per  unit  volume  with  "strength"  between  sands+ds 

Although  useful  in  many  cases,  this  theory  has  significant  drawbacks,  as  pointed  out  by 
Ba2am  el  al.  [54].  Besides  its  statistical  (rather  then  physical)  basis  [55],  weakest  link  theory 
completely  ignores  the  cooperative  nature  of  the  fracture  process.  As  a  matter  of  fact,  it  does  not 
look  upon  fracture  as  a  process  at  all.  Moreover,  it  has  originally  been  derived  for  the  uniaxial 
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Figure  2*15.  dc/dN  versus  J  Integral  Relationship 


stress  state  and  despite  many  attempts  to  generalize  it  [e.g.,  56,57],  its  application  to  a 
multidimensional  stress  state  remains  questionable  [54]. 

In  a  complex  material,  like  the  granular  material  with  a  binder,  randomness  of  the  fracturing 
process  is  a  consequence  of  the  random  nature  of  the  following: 

a.  microstructure  (fabric) 

b.  defect  types  and  distribution 

c.  environmental  effect  including  loads,  temperature,moisture,  chemical  processes 

Various  researchers  have  studied  some  of  these  effects  Lamon  and  Evans  [56],  Batdorf  and 
Heinisch  [57] ,  Mesarovic  et  al.  [58],  and  others  analyzed  the  crack  size  and  orientation 
distributions  effect  in  a  perfectly  brittle  material  with  no  crack  interaction.  While  the  crack  size 
distribution  is  either  determined  experimentally  or  assumed,  the  orientation  distribution  can  be 
derived  rationally.  Consider  a  penny  crack  whose  normal  forms  angle  6  with  the  principal  stress 
direction  (Figure  2-16).  Since  the  normal  can  intersect  the  unit  sphere  anywhere  with  equal 
probabilities  the  distribution  function  is  the  ratio  of  the  shaded  and  the  total  area  of  the  sphere: 

Fq(8)  =  1  -  cos0.  Figure  2-17  shows  the  probability  of  crack  growth  in  a  Poisson  field  (density  X) 
of  penny  cracks  in  the  volume  V,  under  the  uniaxial  tension  with  the  assumed  size  distribution: 

f,(a)=n<t)''cxp('^,(r<r))'1 

The  abscissa  is  proportional  to  the  expected  value  of  Va  which  is  a  direct  consequence  of 
the  fracture  criterion  based  on  the  maximum  directional  mode !  stress  intensity  factor. 

Cooperative  nature  of  the  fracturing  process  presents  very  complex  problem.  Researchers 
have  addressed  this  problem  in  several  ways  using  different  techniques  and  philosophies. 

Work  of  Kachanov  [59]  provides  a  solid  mechanics  basis  for  the  study  of  the  crack 
interaction  by  solving  for  the  approximate  stress  field  in  the  vicinity  of  two  interacting  cracks  with 
the  various  relative  positions.  He  has  used  a  superposition  technique  for  two-dimensional  and 
three-dimensional  crack  arrays  of  arbitrary  geometry.  The  procedure  yields  approximate  analytical 
solutions  for  stress  intensity  factors  up  to  close  distance  between  cracks  and  microcracks.  Of 
special  interest  to  us  is  the  solution  developed  for  the  interaction  of  a  crack  in  the  brittle  material, 
such  as  concrete  with  a  "damage  field"  created  near  the  crack  tip.  Depending  on  the  geometry  of 
nticrocrack  array,  both  stress  amplification  or  shielding  of  the  stress  intensity  factor  can  occur.  The 
superposition  principle,  for  a  semi-infinite  crack  and  a  microcrack  array,  yields: 


flCrssk  Gn»rtJ»] 


o(x)  =  KiOi(x)  +  Knan(x)  +  £c;(x) 


where 

N  »  number  of  microcracks 
ci  =  fi(0y/2Sr;  On  =  fn(8W2i tr 

denote  the  mode  I  and  n  crack  tip  stress  fields,  and  Gj(x)  is  the  i-th  microcrack  generated  stress- 
field.  Figure  2-18  shows  two  characteristic  cases  of  interaction. 

However,  crack  coalescence  and  growth  process  are  much  more  complex  then  the  simple 
static  interaction.  Therefore,  the  idea  of  following  the  exact  continuum  solution;,  for  the  stress  and 
strain  fields  near  defects  has  not  been  pursued  much  further. 

Another  approach,  used  by  Srolowitz  and  Beale  [55],  Duxbury  and  Kim  [60]  and  others  is 
based  on  the  lattice  network  model,  computer  simulation  of  random  defects  ar  d  the  fracturing 
process,  A  step  further  in  this  direction  has  been  made  by  Bezant  et  al.  [61]  v  ho  used  the 
aggregate  size  distribution  to  define  an  equivalent,  nonhomogeneous  spnng  ictwork  (Figure  2-19). 
Softening  springs  with  the  fixed  fracture  energy  model  the  normal  component  of  the  interparticle 
forces.  Figure  2-20  shows  the  i  ctual  cross-section  of  the  asphaltic  concrete  section.  The  model 
shows  a  qualitatively  similar  behavior  to  the  observed  one;  after  the  initial  phase  where  defects  are 
randomly  scattered,  the  clusterhg  and  coalescence  occurs  and  the  macrosc  apic  stress  and  strain 
symmetry  is  broken.  Macroscopic  Poisson  effect,  however,  cannot  be  mo  icled  without  frictional 
component  of  the  particle  intenction. 

The  continuum  nonlocti  stress-strain  relation  has  been  analyzed  i  rithin  the  framework  of 
Damage  Mechanics  (62,63].  11  ;c  most  general  relation  in  this  context  (6-  .J  is: 

o^[M(D)C°]ec 

where 

a  «  homogenized  stress  vector 

C°  =  virgin  elastic  constitutive  tensor 

ec  «=  elastic  strain  vector 
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Figure  2-19.  A  Typical  Ramdomly  Generated  Specimen  and  its 
Corresponding  Klesti  of  Truss  Elements 


Figure  2*20.  A  Cross  SscHon  Vi*w  ef  Asphaltic  Concrete  Core  Spoclmsn 


M(D)  *  fourth  order  tcasorial  function  of  the  damage  tensor  D 


In  die  simplest  case  of  scalar  damage,  it  reduces  to: 

o  =  (l-d)C°ee 
where 

d  -  scalar  damage  parameters 

Number  of  theoretical  and  practical  problems  exist  for  defining  the  damage  variable  (tensor),  some 
of  which  were  addressed  on  the  recent  conference  [65]. 

A  very  general  approach  to  the  stochastic  fracturing  process  is  used  by  Kxausz  and  Kiausz 
[66].  The  process  Is.  described  mathematically  through  the  Markov  chain  concept  or  the  Fokker- 
Pianck  transport  equation.  The  fomiulation  includes  the  random  fluctuations  in  loads  and  other 
environmental  effects  through  the  random  fluctuations  in  the  available  energy  and  the  energy 
required  for  the  crack  growth  (Figure  2-21),  which  result  in  the  probabilities  of  crack  growth 
(bond  breaking)  and  crack  closing  (bond  healing).  Figure  2-22  illustrates  the  energy  barrier 
crossing  during  the  slow  crack  growth  process.  The  rate  of  bond  breaking  is: 

kt,=aCXp(^wt) 

and  the  rate  of  bond  healing  is: 

where 

AGb  =  change  in  Gibbs  free  energy  for  bond  breaking 

AGh  =  change  in  Gibbs  free  energy  for  bond  healing 

kandh  *  Boltzmann  and  Pianck  constant ^respectively 

T  »  absolute  temperature 

W  -  function  of  the  crack  driving  force  such  J  iniirgah  etc. 


Figure  2-21.  Random  Variations  of  Thermal  Energy  in  the  Plane  of  the 

Crack 
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One  of  the  conclusions  is  that  "many  of  the  cracks  that  appear  in  structures  over  the  service 
life  are  not  caused  by  defective  production,  testing,  or  the  Weibull  effect,  but  are  inevitable 
consequence  of  the  stochastic  character  of  the  physical  process  itself." 

The  idea  of  the  Maikov  chain  model  for  the  progressive  cracking  was  also  used  by  Bazant 
and  Xi  [67].  The  simplified  form  of  the  stationary  unit-jump  random  walk  (Figure  2-23), 
independent  of  both  loading  and  state  variables  (stage  of  the  process),  is  used.  The  state  variable  is 
the  position  of  crack  trip  or  state  of  damage.  The  process  is  obviously  nondecreasing.  The  above 
iu~amptions  lead  to  the  simple  one-parameter  transition  probability  matrix.  Maikov  chain 
description  seems  suitable  for  the  fracturing  process,  particularly  for  the  nonhomogeneous 
materials  like  asphalt  concrete  and  portland  cement  concrete.  The  assumptions  of  independence  of 
load  and  state  variables,  as  well  as  the  unit-jump  model  require  further  analysis. 

The  implementation  of  the  Maikov  chain  description  may  be  easier  for  the  asphalt  concrete 
than  to  portland  cement  concrete.  In  the  former  case  the  crack  is  expected  to  grow  either  through 
the  binder  (asphalt)  or  through  the  asphalt-aggregate  interface;  growth  through  the  aggregate  is 
unlikely. 

In  order  to  implement  the  Markov  chain  model  several  issues  need  to  be  addressed:  (1) 
while  the  crack  growth  through  the  binder  is  expected  to  show  more  or  less  ductile  properties 
(depending  on  the  temperature  and  load  duration,  the  behavior  of  the  asphalt  -aggregate  interface  is 
not  well  understood;  and  (2)  the  randomness  of  the  aggregate  size  and  relative  positions  needs  to 
be  mathematically  defined  and  related  to  the  transition  probabilities  of  the  Maikov  chain.  The  body 
of  work  by  Cowin  [e.g.,  68],  Oda  et  al.  [69],  and  others,  provides  a  very  promising  background. 
The  mathematical  definition  of  the  fabric  of  the  granular  material  is  introduced  through  the  concept 
of  fabric  tensor,  defining  the  distribution  of  interparticle  contact  planes  orientations  (Figure  2-24). 
Although  the  existing  work  is  concerned  more  with  relations  between  the  continuum  stress  and 
strain  tensors  with  the  fabric  tensor,  it  seems  inevitable  that  the  fabric  tensor  have  a  role  in  the 
fracturing  process,  primarily  in  defining  the  randomness  of  the  crack  growth  direction. 
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Figure  2-23.  Crack  Propagation  as  a  Random  Walk  [67] 
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List  of  Symbols 


Jl  =  first  in  variant  of  stress  tensor 

J2  =  second  in  variant  of  deviatoric  stress  tensor 

J3  =  third  in  variant  of  deviatoric  stress  tensor 

a,  k  »  yield  function  flow  rule  parameters 

xi  =  cumulative  number  of  load  aplications,  in  105  units 

X2  “  surface  displacement,  in  10'3  inches 

X3  =  maximum  compressive  stress,  in  psi 

lq  =  stress  intensity  factor,  mode  I 

E'  a  energy  release  rate 

U  =  potential  energy 

cjl  =  crack  length 

Pf  =  failure  probability 

Oi  »  iLh  microcrack  generated  stress  field 

kb  53  rate  of  bond  tweaking 

kn  “  rate  of  bond  healing 


391 


Abstract 


Aircraft  weight  and  number  of  operations  at  our  nation's  airports  are  expected  to  continue 
to  increase  into  the  foreseeable  future.  This  will  place  a  heavy  burden  on  the  pavement  facilities  at 
U.S.  airports,  which  if  not  adequately  designed,  will  result  in  significant  deterioration.  To  insure 
that  airport  pavement  facilities  will  be  capable  of  carrying  these  increased  traffic  levels,  the  Federal 
Aviation  Administration  (FAA),  through  the  Volpe  National  Transportation  Systems  Center  (TSC), 
is  sponsoring  research  on  the  development  of  a  unified  pavement  model  for  fe  analysis  and  design 
of  airport  pavements.  The  goal  of  this  program  is  to  make  the  technological  leap  that  will  allow  a 
more  reliable  analysis  and  design  of  all  types  of  airport  pavements,  since  current  design  procedures 
have  many  serious  deficiencies. 

‘Ibis  paper  describes  the  concepts  proposed  for  th% development  of  such  a  unified  airport 
pavement  analysis  and  design  system,  Tht  &mal  component  of  the  . system  is  a  3'dimensional 
finite  clement  analysis  (FEA)  based  primary  response  model,  applicable  to  the  nonlinear  analysis  of 
all  types  of  airport  pavements.  A  unique  solution  procedure  is  proposed  that  will  allow  the  realistic 
solution  of  complex  airport  jpgefcka&g  o&  desktop  computers.  This  procedure  is  expected  to  reduce 
memory  requirements  and  htes^Se  processlng  speed  by  a  factor  of  between  5  and  10,  to 
comparison  to  currently  available  3*dtmen&onal  codes,  and  thus  reduce  computation  costs. 

Another  major  portion  of  the  proposed  system  is  the  material  constitutive  models  proposed 
for  incorporation  in  the  primary  response  model.  Incremental  constitutive  models  for  the  major 
classes  of  airport  pavement  materials,  that  will  allow  a  stepwise  addition  of  "memory"  variables  or 
parameters  to  basic  constitutive  models  to  accurately  describe  the  physical  behavior  of  increasing 
complex  materials,  will  be  incorporated  into  the  primary  response  model.  A  database  of  the 
outputs  of  nodal  displacements,  stresses,  strains  and  local  damage  measures  generated  by  the 
primary  response  model  will  be  used  in  a  damage  analysis,  the  results  of  which  can  be  used  to 
predict  key  distress  types.  This  will  provide  for  greater  design  reliability  and  costncfFcetivc 
pavement  design. 

1.  ERES  Consultant,  Inc. 

2.  Pennsylvania  State  University 

3.  University  of  Illinois  a:  Urbana-Champaign 

4.  Arthur  D.  Liule,  Inc. 
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1.  Introduction 


The  enormous  demands  on  airport  facilities  in  the  country  continues  to  be  a  topic  of  major 
concern.  Although,  most  projections  point  towards  substantial  increases  in  the  volume  of  air  travel 
through  the  next  century,  it  is  doubtful  whether  such  increases  will  be  accompanied  by 
corresponding  increases  in  the  number  of  airports  or  the  pavement  facilities  at  existing  airports.  In 
anticipation  of  such  increases,  aircraft  manufacturers  and  the  airline  industry  are  moving  towards 
the  use  of  wide-bodied  aircrafts  with  increased  capacities  in  terms  of  maximum  takeoff  weights  by 
the  turn  of  the  century.  Therefore,  it  is  becoming  increasingly  necessary  for  pavement  engineers  to 
provide  airport  pavements  that  ere  capable  of  meeting  the  needs  of  such  demands  over  time. 

Typically,  empirical  procedures  based  on  the  observation  of  pavement  performance  over 
the  years  are  still  relied  upon  to  design  airport  pavements.  In  a  few  instances,  a  select  number  of 
consultants  have  used  mechanistic -empirical  procedures,  which  combine  pavement  responses  from 
analytical  methods  and  performance  data  from  pavement  research  and  observation,  for  the  analysis 
and  design  of  airport  pavements.  Ihese  procedures  are  not  adequate  for  analyzing  new  designs 
and  materials  which  go  beyond  the  existing  experience  regime. 

Thus,  providing  airport  pavements  capable  of  carrying  the  loads  imposed  by  the  future 
generation  of  aircrafts,  for  the  wide  range  of  environmental  conditions  and  pavement  materials,  is 
one  of  the  most  challenging  aspects  of  airport  pavement  design  and  analysis  facing  pavement 
engineers.  Realizing  the  need  for  a  more  reliable  approach  to  the  analysis  and  design  of  airport 
pavements,  with  a  realistic  consideration  of  all  the  inputs  and  conditions  over  time,  the  Federal 
Aviation  Administration  (PAA)  of  die  U.S.  Department  of  Transportation  is  sponsoring  a  project, 
under  the  direction  of  the  Volpe  National  Transportation  Systems  Center  (VNTSC),  to  develop  a 
unified  pavement  modeling  program  for  such  applications. 

This  report  describes  a  unified  concept  developed  by  the  team  of  Arthur  D.  Little,  Inc. 
(ADL)  of  Cambridge,  MA;  BRES  Consultants,  Inc.  of  Savoy,  DU  and  the  Pennsylvania 
Transportation  Institute  of  the  Pennsylvania  State  University  (PSU),  for  the  design  and  analysis  of 
all  types  of  airport  pavements,  using  the  most  advanced  technology. 

This  conceptual  formulation  of  the  unified  theory  is  to  form  the  basis  for  future  work  to 
develop  the  concept  into  a  unified  airport  pavement  design  and  analysis  program  for  all  types  of 
pavements,  A  laboratory  validation  and  field  verification  of  die  program,  and  the  implementation  of 
the  system  into  an  applicable  product  for  use  by  pavement  engineers,  researchers,  the  airline 


industry  and  others,  in  all  aspects  of  airport  pavement  design,  is  the  ultimate  goal  of  this  program 
initiated  by  the  FAA. 


2.  Objectives  and  Scope 


The  primary  objective  of  this  program  is  to  develop  a  unified  model  for  the  analysis  and 
design  of  all  types  of  airport  pavements.  The  specific  requirements  of  this  unified  pavement  model 
include  the  following: 

a.  A  primary  response  model  applicable  to  the  realistic  solution  of  airport  pavement 
problems  involving  the  realistic  modeling  of  complex  three-dimensional  (3-D)  loading 
and  boundary  conditions; 

b .  Proper  constitutive  relations  for  new  and  existing  airport  pavement  materials  that  take 
iruo  account  the  time  and  deformation  dependent  characteristics  of  the  materials;  and 

c.  Proper  models  for  assessing  the  nonlinear  accumulation  of  damage  in  airport  pavements 
due  tc  the  effects  of  aircraft  and  environmental  loading  over  time. 

This  unified  pavement  model  must  be  applicable  to  the  analysis  and  design  of  new  airport 
pavements,  the  strengthening  of  existing  pavements,  and  the  accurate  interpretation  of 
nondestructive  test  results.  This  report  addresses  the  concepts  proposed  by  the  ADL/ERES/PSU 
team  in  the  development  of  a  unified  airport  pavement  analysis  and  design  system  with  these 
specific  features. 

After  a  brief  discussion  of  the  technical  issues  faced  in  the  development  of  such  a  system, 
the  report  addresses  the  framework  for  the  unified  analysis  and  design  system  envisaged  as  the 
final  product  of  this  project  Emphasis  is  then  placed  on  the  concepts  proposed  for  the 
development  of  the  primary  response  model  applicable  to  the  3-D  airport  pavement  problems  often 
encountered.  The  primary  response  model  is  considered  the  central  element  around  which  the 
entire  system  is  built  and  is  the  main  focus  of  this  report.  However,  since  the  incorporation  of  the 
appropriate  constitutive  models  into  the  PRM  and  the  proper  interpretation  or  the  engineering 
significance  of  the  results  obtained  from  the  PRM  are  paramount  to  the  successful  application  of 
the  unified  airport  pavement  analysis  and  design  system  envisaged,  the  concepts  proposed  for  their 
treatment  are  also  addressed.  A  discussion  of  the  advantages  of  the  proposed  unified  analysis  and 
design  system,  and  the  recommendations  for  its  development  are  then  presented 
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3.  Technical  Issues 


Many  significant  technical  issues  exist  in  adequately  designing  an  airport  pavement  that  will 
provide  satisfactory  service  throughout  its  intended  service  life.  These  issues  range  from  obtaining 
the  proper  design  inputs;  to  the  use  of  a  realistic  primary  response  model  to  determine  the  stresses, 
strains,  displacements,  and  local  damage  measures  that  result  from  multiple  load  applications  under 
varying  environmental  conditions;  and,  finally,  to  the  adequate  assessment  of  the  resulting 
cumulative  damage  that  leads  to  the  different  types  of  distress  that  eventually  occur. 

Until  now,  airport  pavements  have  been  designed  as  either  "flexible"  or  "rigid"  pavements 
using  methods  that  are  mostly  empirical  and  based  on  engineering  experience.  Although  no  one 
method  is  predominately  used,  most  of  the  design  procedures  for  flexible  pavements,  including  the 
method  recommended  by  the  FAA  [1],  are  based  on  the  CBR  method  of  design.  In  certain 
instances,  design  methods  such  as  the  Shell  [2],  Asphalt  Institute  [3]  and  other  methods  of 
pavement  design  used  by  pavement  consultants,  which  are  based  on  mechanistic  principles  and 
include  many  empirical  assumptions,  have  also  been  used.  For  example,  ERES  Consultants  Inc. 
has  utilized  2-D  mechanistic-empirical  design  procedures  for  the  past  10  years  in  airport  pavement 
design  and  overlay  design. 

Most  of  the  current  airport  rigid  pavements  design  methods  are  based  on  idealized  analytical 
methods  such  as  the  Westergaaid  analysis  of  a  free  edge  or  interior  loaded  slab  resting  on  a 
Winkler  foundation.  Examples  are  the  FAA  [1]  and  Portland  Cement  Association  (PCA)  [4] 
design  methods  for  rigid  airport  pavements.  However,  these  methods  also  require  empirical 
modifications,  such  as  the  modification  made  in  the  FAA  pavement  design  method  to  accommodate 
the  load  transfer  that  occurs  at  joints,  wherein  edge  stresses  are  reduced  by  25  percent  where  load 
transfer  is  provided.  Another  major  limitation  is  that  these  procedures  can  only  consider  two 
layers,  whereas  actual  pavements  have  several  layers. 

It  is  clear  that,  despite  the  many  advances  in  pavement  research,  current  procedures  for  the 
design  of  airport  pavements  lag  behind  the  available  technology.  In  fact,  no  specific  design 
procedures  are  available  for  the  pavement  types  which  fall  between  flexible  and  rigid  pavements 
(e.g.,  AC  over  PCC,  multiple  overlays,  unbonded  overlays).  For  such  pavements,  structural 
design  becomes  a  matter  of  designing  the  pavement  using  the  principles  of  one  of  the  two  major 
types  of  pavements,  and  somehow  compensating  for  the  model  assumptions. 

Some  attempts  have  been  made  in  recent  years  to  develop  better  procedures  for  the  analysis 
and  design  of  airport  pavements.  For  example,  the  Corps  of  Engineers  has  developed  new  flexible 
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[5]  and  rigid  [6]  pavement  design  procedures  which  rely  on  linear  elastic  theory.  While  the  flexible 
pavement  design  procedure  is  an  advancement  over  the  CBR  procedure,  it  is  not  able  to  account  for 
the  nonlinear  and  time-dependent  material  influences  on  pavement  behavior.  The  procedure  for 
rigid  pavement  design  does  not  adequately  consider  the  effect  of  thermal  gradients  or  the  different 
joint  designs  that  provide  varying  amounts  of  load  transfer.  Additional  severe  limitations  are  also 
associated  with  overlay  design.  Nondestructive  testing  of  pavement  layer  properties,  reflective 
cracking  and  the  assessment  of  past  damage  are  a  few  of  the  items  that  are  inadequately  addressed. 

With  such  limitations,  there  have  been  numerous  examples  of  pavements  failing  earlier  than 
anticipated.  The  empirical  and  mechanistic-empirical  methods  mentioned  above  are  limited  with 
respect  to  the  proper  characterization  of  materials,  aircraft  loading  conditions  and,  especially,  the 
environment  They  are  also  limited  in  their  ability  to  treat  nonlinear  or  deformation  dependent  time 
dependent  material/soil  changes,  geometric  conditions  such  as  joints,  and  layer  interface 
conditions;  and  they  do  not  directly  treat  all  of  the  key  types  of  pavement  failures  that  may  occur,  in 
a  realistic  assessment  of  damage  These  limitations  preclude  a  practical  prediction  of  pavement 
performance  for  the  various  operating  conditions  experienced,  and  do  not  allow  the  design 
engineer  to  have  an  effective  control  over  the  design  and  analysis  process. 
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4.  Framework  of  Unified  Pavement  Analysis  and 

Design  System 

It  is  against  the  background  of  such  technical  issues  that  a  framework  for  a  unified  airport 
pavement  model  was  developed  In  formulating  this  framework,  consideration  was  given  to 
address  the  need  to  utilize  the  most  recent  advances  in  several  areas  of  engineering,  and  at  the  same 
time  address  the  practical  needs  of  airport  pavement  analysis  and  design.  The  requirements  of  a 
realistic  primary  response  model,  which  is  central  to  the  unified  pavement  analysis  and  design 
system,  drove  the  development  of  the  framework. 

A  major  requirement  of  the  framework  is  that  it  permits  the  realistic  solution  of  complex 
airport  pavement  problems,  by  specifically  allowing  a  realistic  representation  of  the  time  and 
deformation  dependent  or  nonlinear  behavior  of  pavement  materials  and  a  better  representation  of 
the  3-D  loading  and  boundary  conditions  of  airport  pavements.  .Since  pavement  material  properties 
change  with  time,  often  accompanied  by  changing  loading  and  boundary  conditions,  a  framework, 
is  developed  that  will  also  address  this  issue.  Provisions  arc  made  in  the  framework  to  permit  the 
determination  of  outputs  that  will  allow  the  assessment  of  damage  to  a  pavement  structure  as  a 
result  of  these  changing  conditions. 

Figure  4-1  is  a  simplified  illustration  of  the  framework  developed.  The  unified  airport 
pavement  model  proposed  is  comprised  of  a  core  primary  response  model  for  the  structural 
analysis  required  for  pavement  design.  This  primary  response  model  is  the  central  processing  unit 
for  the  structural  analysis  to  determine  the  responses  required  to  ultimately  predict  the  performance 
of  a  design.  For  a  particular  set  of  inputs,  and  for  a  specific  geometric  and  material  design,  the 
primary  response  model  is  used  in  an  analysis  to  determine  the  stresses,  strains,  displacements, 
and  damage  measures  from  which  the  structural  integrity  of  the  design  is  determined.  The  history 
of  the  primary  response  model  outputs  over  time  under  changing  conditions  are  used  in  a  damage 
assessment  to  determine  the  adequacy  of  a  design.  A  design  determined  to  be  unacceptable  is 
revised  and  the  analysis  process  repeated  until  an  acceptable  design  is  obtained.  The  general 
features  of  the  major  components  of  this  framework  are  discussed  next 
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4.1  Role  of  Primary  Response  Model 


The  primary  response  model  is  the  nucleus  of  the  proposed  unified  airport  pavement 
analysis  and  design  system.  For  a  particular  pavement  problem,  the  primary  response  model  is 
used  in  a  structural  analysis  to  determine  the  structural  responses  over  time.  In  current  state-of-the- 
art  mechanistic  practice,  linear  elastic  layered  analysis  and  2-D  finite  element  analysis  (FEA)  are  the 
mainstay  of  airport  pavement  structural  analysis,  with  consideration  only  given  to  static  loads  and 
simplified  geometric  and  boundary  conditions.  Given  the  complex  nature  of  the  airport  pavement 
problem  as  discussed  above,  this  is  not  adequate  since  elastic  layered  analysis  and  2-D  FEA  do  not 
allow  a  realistic  simulation  of  the  pavement  behavior.  The  three-dimensional  effects  that  result 
from  joints  and  cracks,  comers,  and  multiple  wheel  load  configurations  cannot  be  accurately 
modeled  in  elastic  layered  analysis  and  2-D  FEA;  and  material,  geometric,  and  boundary 
nonlinearities  cannot  be  adequately  considered.  In  addition,  the  use  of  these  structural  models  do 
not  permit  the  use  of  a  unified  approach  for  the  design  of  portland  cement  concrete  and  asphalt 
concrete  pavements. 

The  primary  response  model  for  the  framework  proposed  for  the  unified  airport  pavement 
analysis  and  design  system  is  based  on  3-D  FEA.  With  more  accurate  inputs  on  loading 
conditions,  traffic  history,  environmental  conditions,  material  properties,  geometry,  and  boundary 
and  initial  conditions,  such  a  primary  response  model  can  be  used  to  generate  a  database  of 
displacements,  strains,  stresses,  and  local  damage  measures  over  time  for  an  airport  pavement 
problem.  It  will  also  allow  tire  unified  modeling  erf  all  types  of  airport  pavements.  It  is  necessary 
to  ensure  that  the  proper  material  models  and  property  data  are  entered  into  the  primary  response 
model,  and  that  there  is  an  accurate  representation  of  the  loads  and  boundary  conditions  for  any 
particular  problem.  The  accurate  interpretation  and  use  of  the  outputs  obtained  from  the  primary 
response  mo  tel  is  also  essential  The  rest  of  this  section  is  devoted  to  discussions  of  these  aspects 
of  the  tow,  ?crk 


4.2  Inputs 

As  shown  in  Figure  4-1,  the  major  inputs  to  the  proposed  primary  response  model  can  be 
grouped  under  1 )  the  constitutive  models  and  property  data  for  the  materials  used  in  airport 
pavements;  2)  loading  conditions;  3)  environmental  conditions;  and  4)  other  design  inputs.  Much 
of  the  success  of  the  unified  airport  pavement  model  will  depend  on  how  well  the  required  inputs 
to  the  primary  response  model  are  defined  and  are  reliably  obtained. 


4.2.1  Constitutive  Models  and  Property  Data 


The  constitutive  models  and  property  data  for  the  pavement  materials  used  are  a  major  input 
to  the  unified  pavement  model.  These  materials  fall  into  the  categories  of  asphalt  concrete,  portland 
cement  concrete,  granular  materials  (aggregates),  subgrade  soils  and  other  materials  or  new 
materials  such  as  composites  and  fiber  reinforced  materials.  In  current  pavement  analysis  and 
design  approaches,  these  materials  are  idealized  as  materials  with  deformation  independent 
constitutive  relations,  Le.,  linear  elastic,  and  are  characterized  by  fundamental  parameters  and 
property  data  such  as  Young's  modulus  E,  shear  modulus  G,  Poisson's  ratio  p,  and  the  modulus 
of  subgrade  reaction  k. 

Since  such  models  do  not  realistically  represent  the  actual  behavior  of  the  materials  in 
airport  pavements,  constitutive  models  that  are  able  to  do  so  and  account  for  nonlinear  material 
behavior  are  proposed  for  the  primary  response  model.  The  distinguishing  characteristics 
identified  as  requiring  particular  attention  in  the  development  of  the  constitutive  models  for  the 
airport  pavement  materials  are  the  time  dependency  of  asphalt  concrete,  the  brittle  fracture  of 
cement  concrete,  and  the  yield  surfaces  of  granular  materials  and  subgrade  soils  that  include  a 
consideration  of  volumetric  sensitivity.  More  details  are  subsequently  provided  on  the  concepts  for 
the  development  of  the  constitutive  models  required  for  the  unified  airport  pavement  analysis  and 
design  system. 

4.2.2  Loading  Conditions 

Airport  pavements  experience  a  wide  range  of  load  magnitudes  applied  through  many 
different  gear  types  with  different  wheel  bases  and  threads.  In  addition,  the  manner  of  application 
of  the  loads  vary  depending  on  the  location  of  a  pavement  section,  with  the  loading  condition  on  an 
apron  for  example  being  very  different  than  that  on  a  runway.  A  problem  faced  by  the  airport 
pavement  engineer  is  how  to  characterize  this  loading  over  the  service  life  of  a  pavement  for 
analysis  and  design.  To  be  able  to  do  this,  one  must  take  into  account  current  and  future  aircraft 
traffic  distribution  patterns,  current  and  future  aircraft  loading  characteristics,  and  future  aircraft 
growth  rates.  The  distribution  patterns  include  such  factors  as  aircraft  traffic  mix,  the  time 
distribution  of  traffic,  and  the  lateral  and  longitudinal  distribution  of  traffic.  The  loading 
characteristics  include  such  factors  as  the  gear  type,  the  maximum  takeoff  weight,  the  number  of 
coverages,  the  tire  pressure  and  contact  area  stress  distribution,  and  the  speed  and  dynamic  effects. 

The  current  procedures  used,  such  as  the  equivalent  single  wheel  load  concept,  the  FAA 
procedure  based  the  equivalent  annual  departures  of  a  design  aircraft  [1],  and  the  Aircraft 
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Classification  Number  (ACN)  [7]  do  not  take  all  these  factors  into  account  Although  a  load 
characterization  system  is  not  required  for  this  phase  of  the  model  development,  a  mechanistic- 
based  procedure  will  eventually  be  needed  to  convert  the  mixed  aircraft  traffic  into  a  realistic 
representation  of  loading  on  airport  pavements  for  use  in  the  unified  pavement  analysis  and  design 
system. 


4.2.3  Environmental  Conditions 

Temperature  and  moisture  are  the  two  most  important  environmental  variables  that  must  be 
taken  into  account  in  the  analysis  and  design  of  airport  pavements.  Daily  temperature  and  moisture 
variations  can  lead  to  expansion  and  contraction  of  pavements;  thermal  and  moisture  gradients 
which  result  in  curling  and  warping  stresses  in  poxtland  cement  concrete  pavements;  and  changes 
in  material  properties  such  as  asphalt  concrete  stiffness.  In  the  long  term,  temperature  and 
moisture  variations  can  also  lead  to  low  temperature  cracking  of  asphalt  concrete  pavements; 
freeze-thaw  damage  effects;  soil  swelling  and  frost  heave;  and  subgradc  softening  due  to 
saturation. 

In  current  conventional  methods  of  analysis  and  design,  however,  emphasis  is  placed  on 
the  construction  procedures  that  minimize  environmental  effects.  Thus,  for  example,  in  most 
instances  the  effects  of  curling  and  warping  stresses  are  only  considered  empirically  through  the 
limiting  of  joint  spacing  in  rigid  pavement  analysis  and  design;  and  the  changes  in  the  stiffness  of 
asphalt  concrete  with  temperature  variation  are  only  considered  in  flexible  pavement  analysis  and 
design  through  the  selection  of  the  viscosity  grade  of  the  asphalt 

Although  the  foil  treatment  of  the  effects  of  the  environment  are  to  be  treated  in  subsequent 
phases  of  this  project  following  the  development  of  the  primary  response  model,  the  framework  is 
developed  with  these  factors  in  mind.  The  successful  application  of  a  unified  pavement  model  will 
be  possible  only  if  such  factots  are  taken  into  consideration  in  a  tealistic  portrayal  of  the  airport 
pavement  operating  environment. 


4.2.4  Design  Inputs 

As  shown  in  Figure  4-1,  another  aspect  of  airport  pavement  analysis  and  design  is  the 
selection  of  the  initial  trial  desip  for  analysis.  This  involves  the  selection  of  the  pavement 
geometry,  materials,  boundary  and  initial  conditions,  and  other  features  to  characterize  foe 
pavement  in  a  representative  manner  for  analysis.  Currently  there  art  no  rational  procedures  for 
dealing  directly  with  design  parameters  such  as  load  transfer,  joint  spacing,  reinforcement,  and 
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layer  interface  conditions.  In  the  unified  pavement  model  it  is  envisaged  that  mechanistic  based 
principles  will  be  used  to  represent  such  factors  in  the  primary  response  model  Consequently, 
although  the  actual  concepts  far  doing  this  are  not  elaborated  here,  the  framework  developed  has 
appropriate  provisions. 


4.3  Assessing  Cumulative  Damage 

Postprocessing  of  the  outputs  from  a  primary  response  model  to  permit  a  useful 
interpretation  of  the  results  obtained  is  a  stage  of  structural  analysis  which  is  often  not  given  the 
attention  it  requires  by  engineers.  In  most  instances  postprocessing  has  been  limited  to  the 
graphical  presentadon  of  the  results  obtained,  for  example,  in  the  form  of  principal  stress,  shear 
stress,  displacement  and  failure  criteria  contour  plots.  It  must  be  noted,  however,  that  in  airport 
pavement  design  and  analysis,  in  addition  to  such  graphical  representation  of  results,  the  accurate 
interpretation  of  the  engineering  significants  of  the  results  is  essential  to  the  determination  of  the 
structural  integrity  of  a  design.  This  is  because  in  most  instances  in  airport  pavements,  failure  is 
due  to  the  repeated  action  of  loads  and  not  the  long-term  application  of  a  single  major  load. 
Optimization  of  design,  therefore,  often  involves  several  design  and  analysis  iterations  to  determine 
whether  the  particular  design  is  appropriate  for  the  repeated  occurrence  of  numerous  sets  of 
conditions  (at  the  least  cost), 

Postprocessing  of  the  outputs  of  the  primary  response  model  of  the  unified  analysis  and 
design  system,  as  a  result,  will  involve  assessing  the  damage  to  the  design  due  to  the  repeated 
application  of  tire  various  kinds  of  loads  it  is  subjected  to  and  to  predicting  the  performance  of  the 
given  design.  One  can  then  determine  whether  a  design  will  be  adequate  for  the  given  conditions 
overtime.  If  the  design  is  not  adequate,  the  materials  and/or  geometry  of  the  design  must  be 
changed  and  the  entire  process  of  analysis  repeated.  The  interpretation  of  the  outputs  in  this 
manner  will  be  useful  to  obtaining  an  improved  airport  pavement  system. 


In  current  practice,  such  interpretation  of  the  engineerin'*  significance  of  structural  analysis 
results  of  airport  pavements  has  been  conducted  using  simple  damage  assessment  coocepts  in  the 
fashion  of  Miner’s  cumulative  damage  theory.  A  limitation  of  this  approach  is  the  assumption  that 
the  sequence  of  loading  and  history  of  damage  do  not  influence  the  accumulation  of  damage. 
Studies  show  this  not  to  be  the  case  [8J.  Consequently,  the  assessment  of  airport  pavement 
damage  within  the  context  of  mechanistic  analysis,  which  takes  into  account  such  factors,  is 
proposed  as  a  useful  and  integral  part  of  the  unified  airport  pavement  analysis  and  design  system. 
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Such  a  concept  will  allow  a  realistic  assessment  of  damage  resulting  from  the  repeated  application 
of  aircraft  and  environmental  loading. 
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5.  Primary  Response  Model 


The  primary  response  model  proposed  by  the  ADIVERES/PSU  team  combines  the  most 
advanced  technology  currently  available  in  FEA  and  the  practical  requirements  of  pavement 
analysis  and  design  to  give  a  system  that  is  well  suited  for  the  airport  problems  often  encountered. 
The  details  of  this  primary  response  model  are  given  in  this  section.  As  the  central  component  of 
the  unified  airport  pavement  analysis  and  design  system,  a  primary  response  model  with  dynamic, 
nonlinear,  large  deformation,  and  time-dependent  capabilities  is  proposed.  The  primary  response 
model  proposed  will  be  comprised  of  a  3-D  nonlinear  FEA  kernel  with  constitutive  models  for 
nonlinear  material  behavior  incorporated  in  it  A  model  that  also  incorporates  local  damage  models 
in  the  FEA  kernel  to  account  for  the  effect  of  damage  accumulation  is  proposed. 


5.1  Analytical  Capabilities 

Modem  FEA  has  advanced  to  the  degree  where  there  can  be  close  simulation  of  the 
behavior  of  most  designs  under  the  actual  conditions  they  are  to  be  subjected,  to  give  results  that 
can  be  used  to  determine  structural  integrity  and  to  optimize  design.  The  analytical  capabilities 
envisioned  for  the  primary  response  model  proposed  for  the  design  and  analysis  of  all  types  of 
airport  pavements  are  discussed  in  this  section.  These  include  the  generation  of  the  finite  element 
model  for  any  particular  design,  representation  of  loading  and  boundary  conditions,  material 
modeling  capabilities,  the  solution  algorithms  used  in  the  FEA  procedure,  and  the  graphical 
interface  used  to  display  the  results  of  an  analysis. 

5.1.1  Preprocessing  Capabilities 

The  preprocessing  envisioned  for  the  primary  response  model  will  involve  model 
development,  the  application  of  load  and  boundary  conditions,  and  the  specification  of  die  material 
>  properties  for  the  design  of  an  airport  pavement  to  be  analyzed.  A  graphical  processor  with 
capabilities  ter  the  automatic  isoparametric  generation  of  the  finite  element  mesh  for  a  design  based 
on  a  library  of  structural  elements  for  airport  pavements  is  envisioned.  The  library  of  stress 
elements  to  be  developed  as  part  of  the  primary  response  model  will  comprise  of  2-D  and  3-D 
element  types  that  will  enable  die  physical  representation  of  all  aspects  of  airport  pavements. 


Figure  5-1  shows  examples  of  the  types  of  elements  that  may  be  used  in  the  primary 
response  model.  The  8-node  brick  (or  solid)  elements  with  one  point  quadrature  and  hourglass 
control  will  be  provided  to  model  the  majority  of  the  pavement  layers.  Solid  beam  elements  such 
as  the  2-node  bar  element  shown  in  the  figure  will  be  provided  to  model  dowel  bars  at  joints;  and 
discrete  springs  of  the  type  shown  may  be  used  as  first-order  interface  elements  to  represent  the 
conditions  at  "soft"  joints  or  cracks.  Slideline  elements  will  be  furnished  to  allow  modeling  of  the 
interface  and  contact  conditions  between  the  different  pavement  layers.  To  decrease  memory 
requirements  and  increase  computation  speed,  infinite  domain  elements  of  the  kind  shown  in 
Figure  5-1  will  be  provided  for  representation  of  the  infinite  effect  of  most,  if  not  all,  of  the 
subgrade  soil.  An  effort  will  also  be  made  to  provide  the  capability  for  the  addition  of 
reinforcement  to  elements  for  composite  modeling  of  materials  like  reinforced  concrete  and  fiber 
reinforced  asphalt  concrete,  and  to  give  the  mesh  generator  the  ability  to  use  any  combination  of  the 
elements  in  the  library  with  different  material  models  in  the  same  model.  A  graphic  processor 
which  will  allow  the  mesh  generation  to  interface  with  other  software  such  as  Autocad  is  proposed. 

The  ability  to  represent  the  wide  range  of  loading  and  boundary  conditions  that  occur  on 
airport  pavements  is  also  essential.  The  loading  conditions  that  will  be  represented  include  the 
usual  mechanical  loads  of  point  loads,  distributed  loads  and  edge  or  axial  loads.  The  preprocessor 
must  also  have  the  ability  to  represent  the  effect  of  loads  due  to  environmental  variations. 
Specifically,  techniques  will  be  provided  for  depicting  the  effect  of  temperature  and  moisture 
loading  such  as,  for  example,  the  use  of  a  specified  displacement  to  represent  the  displacement  due 
to  curling  and/or  warping.  Ways  to  represent  initial  stresses  and  plastic  strains  that  might  be 
present  in  some  cases,  such  as  in  asphalt  concrete,  will  also  be  provided. 

The  preprocessor  will  have  the  ability  to  apply  the  various  boundary  conditions  such  as 
foundation  conditions,  and  constraints  such  as  at  joints,  to  the  model.  In  most  instances  the  loads 
on  airport  pavements  are  applied  repeatedly  and  the  boundary  conditions  may  change  over  time. 
The  preprocessor  proposed  will  provide  the  capabilities  to  characterize  the  repeated  nature  of  the 
loads  applied  and  any  changes  in  boundary  conditions.  The  other  capabilities  of  the  preprocessor 
envisaged  include  mesh  editing;  geometric  transformations  including  reflection,  rotation, 
translation,  scaling  and  mirror  imaging;  and  automatic  mesh  rezoning. 
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Discrete  Springs  infinite  Domain 


5.1.2  Materia!  Modeling 

Various  material  models  will  initially  be  provided  for  portland  cement  concrete,  asphalt 
concrete,  granular  materials,  fine-grained  subgrade  soils  and  some  of  the  composite  materials 
currently  used  in  airport  pavement  design.  However,  the  option  will  also  be  provided  to  allow  the 
incorporation  of  user  defined  material  models  for  futuristic  airport  pavement  materials.  The  intent 
in  this  area  of  the  development  of  the  response  model  is  to  provide  material  models  that  closely 
model  tne  multidimensional  response  of  pavement  material  s. 

A  library  of  material  models  is  proposed  which  will  comprise  of  a  hierarchy  of  models  for 
the  major  classes  of  pavement  materials.  The  models  will  be  able  to  represent  isotropic, 
orthotrepic,  anisotropic,  and  time-dependent  material  properties.  The  generalized  models  required 
include  those  for  materials  that  display  linear  elastic,  nonlinear  elastic,  viscoelastic,  viscoplastic, 
elastic-plastic,  and  elastic-viscoplastic  responses.  AH  these  models  will  be  provided  with  the 
ability  to  take  into  account  the  effects  of  frr  rture,  fatigue,  and  damage  on  material  properties  over 
time.  Yield  surfaces  that  incLue  volumetric  sensitivity  will  also  be  provided  for  granular  materials 
and  soi’s. 

5.1.3  Solution  Procedure 

The  solution  procedure  used  in  the  primary  response  model,  to  a  large  extent,  will 
determine  the  success  or  failure  of  the  development  of  the  unified  airport  pavement  analysis  and 
design  system.  Realistic  modeling  of  the  3-D  response  of  pavements  requires  a  large  number  of 
nodes  (about  10,000  to  20,000)  and  corresponding  Wge  number  of  equations  (about  750,000).  In 
addition,  iterative  analysis  methods  arc  required  to  resolve  the  no.ilinear  response  of  pavement 
materials.  This  greatly  increases  the  computer  time  required  for  solution. 

Consequently,  instead  of  the  traditional  approach  of  a  direct  solution  of  a  linearized  system 
of  equations  within  a  nonlinear  iterative  algorithm  such  as  thf  -modified  Newton-Ruphson,  we 
propose  to  use  an  alternate  FEA  approach  for  the  unified  airport  pavement  analysis  and  design 
model.  This  unique  approach  employs  the  preconditioned  conjugate  gradient  technique  as  an 
iterative  linear  solver  or  a  replacement  for  the  traditional  Newton-Raphson  iterative  algorithm.  This 
proposed  approach  reduces  memory  requirements  for  complex  nonlinear  rirport  problems  by  a 
factor  of  10-100,  making  it  possible  to  solve  large  and  realistic  problems  on  smaller  computus  and 
with  greatly  reduced  computation  costs/times. 
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Other  features  proposed  include  automatic  load/time  stepping  and  recovery  from  divergent 
solutions.  Such  features  will  ensure  convergent  solutions  at  a  minimum  cost  Restart  files  which 
allow  the  segmented  solution  of  problems  and  give  protection  against  unexpected  aborts  are  also 
proposed.  The  capability  to  use  the  data  from  the  restart  files  for  postprocessing  at  any  stage  of  a 
run  will  also  be  provided.  We  have  initial  experience  which  demonstrate  the  effectiveness  of  this 
approach. 

5.1.4  Postprocessing  Capabiiities 

The  primary  response  model  envisioned  will  generate  a  database  that  will  include  the 
history  of  stresses,  strains,  displacements,  and  failure  criteria  for  a  given  problem.  The  efficient 
postprocessing  of  the  data  in  this  database  will  be  paramount  to  the  proper  interpretation  and 
application  of  the  results  obtained.  A  major  aspect  of  this  will  be  the  graphical  postprocessing  of 
the  results.  The  special  graphical  postprocessing  features  proposed  for  the  unified  airport 
pavement  analysis  and  design  system  include  the  following: 

a.  Displaying  the  deformed  and  undeformed  geometry  of  the  model  to  show  static 
deformations.  Provisions  will  be  made  to  allow  the  superposition  of  the  deformed 
shape  on  the  undeformed  shape. 

b.  Color  contour/fringe  plots  for  any  of  the  scalar  outputs  obtained  to  permit  the 
determination  of  damage  measures  and  the  critical  areas  (permanent  deformation, 
fracture  areas,  etc.)  of  the  model.  Continuous  contour  lines  or  color  shadings  will  be 
provided  for  showing  the  surface  contours  of  the  displacements,  stresses,  strains, 
velocities  and  accelerations  on  the  various  elements  or  chi  full  mesh  plots.  Additional 
features  include  automatic  or  user  definition  of  the  intervals  and  range  for  the  contours, 
and  the  capability  to  obtain  a  contour  plot  during  a  run  or  by  postprocessing  of  the 
results  from  an  output  file. 

c.  X>Y  plots  of  variables  as  a  function  of  location,  load,  time  (history  plots),  or  other 
variables. 

d.  Vector  plots  which  show  either  by  color  or  length  the  value  of  scalar  outputs  at  the 
nodes  of  a  model. 

e.  Selective  scanning  and  reformatting  of  the  output  obtained  for  further  postprocessing. 
The  further  postprocessing  could  include  the  use  of  the  output  as  input  to  other 
postprocessors,  for  damage  assessment,  and  for  printing  of  outputs  in  user  specified 
tabular  forms. 
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5.2  Software  Structure 


The  solution  procedure  proposed  for  the  primary  response  model  will  be  based  on  the 
preconditioned  conjugate  gradient  framework  as  an  iterative  linear  solver  or  replacement  for  the 
nonlinear  iterative  algorithm  in  the  finite  element  model.  This  unique  solution  procedure  has  many 
advantages  which  include  reduced  memory  requirements  and  computation  costs,  making  it 
applicable  to  the  solution  of  large  and  complex  airport  pavement  problems  on  smaller  computers. 
The  structure  and  developmental  path  of  the  3-D-based  FEA  software  proposed,  based  on  this 
solution  procedure,  are  discussed  here. 

A  stepwise  developmental  process  is  envisaged.  The  initial  goal  will  be  to  develop  a  finite 
element  code  with  the  capability  for  linear  static/dynamic  analysis.  This  basic  code  will  incorporate 
linear  elastic  material  constitutive  models.  This  initial  code  will  be  adequate  for  the  structural 
analysis  of  models  with  static  or  quasi-static  and  long-time  dynamic  loads,  and  linear  boundary 
conditions. 

The  next  developmental  stage  will  concentrate  on  the  incorporation  of  features  to  permit  the 
solution  of  nonlinear  problems  involving  both  material  and  geometric  nonlinearities.  The  code  will 
progressively  be  unproved  to  take  into  account  realistic  material  properties,  by  implementing 
constitutive  models  with  parameters  far  isotropic,  orthotropic,  anisotropic,  and  temperature- 
dependent  material  properties.  It  is  expected  that  this  process  will  take  a  consider  able  calendar 
time,  as  it  will  be  dependent  on  the  speed  with  which  the  appropriate  constitutive  models  which 
account  for  material  nonlinearities  can  be  developed  in  a  parallel  effort  Additionally,  there  will  be 
the  incorporation  of  features  in  the  software  to  allow  transient  analysis  for  cases  where  there  are 
impact  responses  typically  of  less  than  50  x  10*^  seconds  duration. 

The  final  product  of  this  developmental  process  will  be  a  unique  public-domain  code  with 
capabilities  for  3-D  simulations  and  particularly  suitable  for  linear  and  nonlinear  analysis  of  airport 
pavements.  An  advantage  of  this  stepwise  developmental  process  is  that  a  version  of  tire  software 
will  be  available  for  use  by  the  FAA  at  the  end  of  each  of  the  stages  of  development  identified.  At 
each  of  these  stages  the  program  can  be  demonstrated  and  validated  without  the  "ultimate" 
constitutive  models. 

A  3-D  finite  element-based  unified  airport  pavement  analysis  and  design  system  that  will 
run  on  a  PC  (1995)  is  the  ultimate  goal  of  this  program.  It  is  expected  that,  in  the  initial  stages,  the 
primary  response  model  proposed  will  be  run  on  currently  available  workstations  with  run-times  in 
the  tens  of  hours  for  full  nonlinear  analysis  of  pavement  systems.  However,  with  major  advances 
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likely  in  the  computing  power  of  workstations  and  PCs  in  the  next  few  years,  it  is  expected  that 
run-times  will  be  reduced  to  hours  and  minutes.  In  addition,  efficient  memory  management 
techniques  (virtual  memory)  will  be  employed  to  ensure  the  solution  of  large  complex  problems  on 
the.next  generation  of  computers. 
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6.  Material  Constitutive  Models 


The  material  constitutive  models  that  will  be  incorporated  into  the  primary  response  model 
are  paramount  to  the  applicability  of  die  unified  analysis  and  design  system  to  be  developed  to  the 
solution  of  the  complex  airport  pavement  problems  we  are  constantly  faced  with.  The  proper 
constitutive  models  must  be  able  to  realistically  account  for  the  time  and  deformation  dependent 
properties  of  the  materials.  The  details  of  the  concepts  proposed  for  the  development  of  the 
appropriate  constitutive  models  for  the  unified  pavement  model  are  discussed  here. 

Airport  pavements  are  layered  systems  with  each  layer  displaying  varied  mechanical 
behavior.  Therefore,  constitutive  relations  which  represent  the  generalized  stress-strain  behavior 
are  different  according  to  what  material  is  used  for  each  layer  of  the  pavement  system.  Asphalt  and 
Portland  cement  concretes  are  generally  used  for  the  top  structural  layers  in  airport  pavements, 
which  are  then  placed  on  a  base  and/or  subbase  layers)  often  made  of  granular  materials 
(aggregates).  In  some  instances  a  stabilized  material  is  used  as  the  base  layer,  with  cement  and 
asphalt  as  the  most  often  used  stabilizing  materials. 

These  layers  described  so  far,  which  make  up  the  pavement  structure,  are  placed  on  a 
prepared  subgrade,  the  foundation  soiL  Constitutive  models  are  needed  for  each  of  the  materials 
used  for  the  layers  described  as  well  as  for  other  materials  such  as  the  composite  materials  and  any 
futuristic  materials  that  are  expected  to  be  used  for  airports  in  the  coming  decades. 


6.1  Generalized  Constitutive  Relations 

A  library  of  material  models  comprised  of  a  hierarchy  of  models  able  to  represent  the 
isotropic,  orthotropic,  anisotropic,  and  time-dependent  material  properties  are  needed  for  the 
unified  airport  pavement  analysis  and  design  system.  The  generalized  models  required  include 
those  for  materials  that  display  linear  elastic,  nonlinear  elastic,  viscoelastic,  viscoplastic,  elastic- 
plastic,  and  elastic-viscoplastic  responses.  All  these  models  must  have  the  ability  to  take  into 
account  the  effects  of  fracture,  fatigue,  and  damage  on  material  properties  over  time.  Yield 
surfaces  that  include  volumetric  sensitivity  for  the  granular  materials  and  subgrade  soils  are  also 
needed.  Following  is  a  discussion  on  the  generalized  models  that  are  representative  of  the  major 
classes  of  airport  pavement  materials. 
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6.1.1  Asphalt  Cement  Concrete 


Asphalt  concretes  are  rheological  in  nature.  Their  mechanical  behavior  depends  to  a 
considerable  extent  on  loading  rate  and  temperature.  In  order  to  characterize  such  materials  it  is 
necessary  to  determine  the  master  creep  compliance  (relaxation  modulus)  curve  and  the  shift  factor. 
Typical  master  creep  compliance  curves  and  the  shift  factor  are  given  in  Figures  6- 1  and  6-2  [1 1) 
and  generalized  constitutive  relations  for  asphalt  concretes  are  given  by  [9]: 

Is 

£<rr« 

M 


where 

»  stress  and  strain  tensors 

£  s  reduced  time  and  £  =  t/aj  where  aj  is  the  shift  factor  which  is  a  function 

of  temperature  only 

J(t)  -  creep  compliance  in  shear 

5;;  —  kronecker  delta 

K  =  bulk  modulus 

Another  type  of  constitutive  relations,  that  is  suitable  foer  evaluation  of  rutting  in  asphalt 
concrete  pavements  is  the  elastic-viscoplastic  constitutive  relations  is  given  by: 
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si'=fe+<I#5i;+x<®(F)>^ 


where 


=  strain  rate  tensor 


Yjj  =  stress  tensor 

G  =  shear  modulus 


K  -  bulk  modulus 
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Figure  6-1.  Master  Compliance  Curves  under  Linear  Viscoelastic 

Behavior 
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SHIFT  FACTOR  LOG 


Figure  6-2.  Shift  Factor  as  a  Function  of  Temperature 
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F  =  yield  function 

f  =  yield  criterion 

y  =  plastic  viscosity  coefficient 

Typical  permanent  deformation  versus  number  of  cycles  of  loading  for  an  asphalt  mix  is 
given  in  Figure  6-3  [12). 

6.1.2  Portland  Cement  Concrete 

Since  portland  cement  concrete  behaves  in  an  elastic  or  elastic-plastic  manner,  the 
constitutive  relations  proposed  are  to  be  of  the  Cauchy  type  or  the  Green  (hyperelastic)  type  or  the 
incremental  (hypoelastic)  type.  The  incremental  type  constitutive  relations  require  the  knowledge 
of  tangent  and  secant  moduli  for  the  material  A  particular  type  of  hypoclastic  constitutive  relations 
is  given  by 

=  2  [(V ’t)  S  +  *1  eifu\*kl  (3) 

where 

n  =  ^GfCy^oc, 

Kt ,  Gs  ®  tangents  and  secant  moduli  respectively 
5jj  o  kroneckcr  delta 

(tjj  ==  stress  rate  tensor 

£)j  »  strain  rate  tensor 

Figure  6-4  shows  the  typical  stress-strain  curves  for  cement  concrete  in  compression 

U2). 
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Figure  6-3.  Permanent  Strain  Curves  tor  Bituminous  Concrete 
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Figure  6-4.  Compressive  Stress-Strain  Curves  for  Cement  Concrete 
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6.1.3  Granular  Materials 


The  base  and  subbase  layers  are  granular  in  nature,  and  the  base  may  consist  of  crushed 
stone  Consequently,  the  constitutive  relations  for  the  base  arid  subbase  material  are  generally 
different  from  those  for  the  subgrade  material.  The  base  and  subbase  materials  display  elastic- 
plastic  o  *  elastic-vis^plastic  responses.  Since  the  bore  and/or  subbase  layers  experience  high  rate 
of  loading  in  practice,  the  appropriate  constitutive  relations  for  these  granular  materials  are  [10]: 


where 


J2,  J3  =  2nd  and  3rd  invariants  of  the  deviataric  stress  tensor 

The  above  constitutive  relations  involve  elastic  constants  G  and  K  and  plastic  viscosity 
coefficient  y  and  the  dynamic  yield  criterion  F.  Typical  resilient  modulus  versus  confining 
pressure,  and  the  permanent  deformation  versus  cycles  of  loading  curves  are  shown  in  Figures  6-5 
and  6-6  [12].  Using  the  data  of  the  type  shown  in  Figures  6-5  and  6-6,  the  elastic  properties  and 
dynamic  yield  function  can  be  established. 

6.1.4  Subgrade  Soils 

For  subgrade  soils,  in  the  selection  of  constitutive  relations  there  are  three  alternatives.  For 
moderate  leading  rates,  the  soils  behave  linear  or  nonlinear  viscoelastic.  For  this  case  it  is 
necessary  to  obtain  viscoelastic  constitutive  relations  as  given  by: 

t  t  d 

o  =  8  J[k«  -  «')  §G«  -  f  )]  -g^df+2  jo«  ■  n  (6) 

V  0 

where  K(t)  and  G(t)  are  the  relaxation  moduli  in  dilatation  and  shear,  respectively.  Typical 
creep  and  creep  recovery  data  on  subgrade  soil  obtained  from  incremental  creep  tests  is  shown  in 
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Figure  6-5.  Resilient  Modulus  Variation  with  Confining  Pressure  for  the 

Subbase  Material 
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Figure  e-6.  Permanent  Strain  Variation  with  Number  of  Cyoles  of  Load 
Repetitions  for  Typical  Subbase  Materia) 
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Figure  6-7  [12].  From  the  data  given  in  Figure  6-7  it  is  possible  to  evaluate  the  creep 
compliance  function  or  the  relaxation  modulus  function. 

The  second  alternative  is  to  use  elastic-plastic  constitutive  relations  which  imply  the 
existence  of  a  yield  function  that  takes  into  account  the  dilatancy  effects.  In  the  literature,  various 
types  of  yield  criteria  which  use  associative  and  nonassociative  flow  rules  have  been  developed. 
Some  use  isotropic  hardening  and  some  others  use  kinematic  hardening.  The  model  by  Lade  splits 
the  strain  in  three  components  -  the  elastic  strain,  plastic  collapse  strain,  and  the  plastic  expansive 
strain.  Plastic  collapse  strains  are  determined  from  spherical  yield  surface  and  associated  flow 
rule.  The  plastic  expansive  strains  are  evaluated  from  a  conical  yield  surface  and  nonassodated 
flow  rule.  Figure  6-8  shows  dilatancy  observed  during  a  triaxial  test  and  Figure  6-9  shows  the 
conical  and  spherical  yield  surface  [13], 


The  soil  model  by  Prevost  is  an  elastoplastic  anisotropic  hardening  model  for  characterizing 
a  wide  range  of  stress-strain-strength  responses  for  cohesive  and  cohesionless  soils  and  is  the  third 
alternative.  The  model  takes  into  account  mechanical  property  change  brought  about  by  arbitrary 
changes  in  direction  of  loading  unloading  and  reversal  of  loading.  Figure  6-10  shows  the  yield 
surface  used  in  Prevost  model  [13].  Sharma  has  also  developed  elastic-viscoplastic  constitutive 
relations  for  clay  which  takes  into  account  dilatancy.  These  constitutive  relations  are  given  by  [14]: 


where 


<  <X>  (F)  —  0/or  ep2>  0.002 
< <t>  (F)  =  F (l-e )for  ep£ 0.002 


F 

a 

k 


*<ep 

0.856  ep0156 
73.5  ep0-115 
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Figure  6-7.  Creep  and  Creep  Recovery  Curves  lor  the  Subgrade  Material 
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Figure  6-8.  Typical  Stress-Strain  Curve  for  Soils 


Figure  6-9.  Yield  Surface  Representation  Baaed  on  Theory  by  Lade 


Figure  6-10.  Nesting  Surfaces  in  Provost's  Model  Obtained  from  Trlaxla) 

Testing 
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Extension 


G  =  L21xl05psi 
E  =  3.35  x  10  5  psi 
K  =  3.58  x  HT6  psi 

y  =  186  psi  sec 

The  dynamic  yield  function  (Eq.  8)  was  obtained  by  plotting  the  data  as  shown  in 
Figure  6-11.  Figure  6-12  shows  the  variation  of  dilatancy  coefficient  a  with  uniaxial  plastic  strain. 


6.2  Incremental  Constitutive  Models 

The  materials  used  in  airport  pavements  are  constantly  undergoing  changes.  For  example, 
there  is  progressive  micro-cracking  in  portland  cement  concrete,  and  plastic  or  irreversible  strain 
accumulation  in  asphalt  concrete  which  eventually  lead  to  rutting,  immediately  upon  the  opening  of 
an  airport  pavement  to  traffic.  Also,  the  analysis  of  airport  pavements  inherently  involve  many 
sources  of  non-linearities  which  make  it  necessary  to  solve  problems  in  increments  tied  to  the 
load/time  stepping. 

Consequently,  more  often  than  not,  the  global  and  idealized  constitutive  models  described 
above  for  airport  pavement  materials,  which  may  be  representative  of  the  initial  conditions  of  the 
materials,  are  not  adequate  for  characterizing  the  physical  behavior  of  the  materials  over  time. 

They  are  not  able  to  take  into  account  the  effects  of  factors  such  as  aging,  micro-cracking,  plastic 
or  irreversible  strains,  and  other  forms  of  damage. 

For  the  3-D  finite  element  model  of  the  proposed  primary  response  model,  therefore, 
incremental  constitutive  models  [15  and  16]  are  proposed.  These  models  are  also  sometimes  called 
hierarchical  single  surface  constitutive  models  [17  and  12}.  Work  on  such  models  has  been 
conducted  in  the  last  two  decades  with  the  advent  of  numerical  methods  such  as  the  finite  element 
method,  which  involve  incremental  analysis  to  take  account  of  the  various  sources  of  non- 
linearities  and  are  able  to  also  take  into  account  the  effects  of  aging,  micro-cracidng,  plastic  or 
irreversible  strains,  and  the  other  forms  of  damage. 
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Figure  6-1 1.  Square  Root  of  Second  Stress  Deviator  Invariant  versus 
First  Stress  Invariant  for  0.002  In/ln  Plastic  Axial  Strain  and  Different 

Plastic  Strain  Rates 
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OdaCancf  Coefficient 


The  incremental  models  proposed  will  be  classes  of  constitutive  models  to  which 
parameters  that  characterize  the  previous  stress-strain  history  of  materials  can  be  added  to  describe 
the  increasingly  complex  response  of  the  materials.  The  parameters,  to  a  large  extent,  are  able  to 
describe  the  deformed  state  of  materials  at  any  particular  time.  Consequently,  the  effect  of  any 
progressive  local  damage  on  the  properties  of  the  materials  and  on  the  subsequent  behavior  of  the 
materials  can  be  accounted  for  in  the  constitutive  models. 

In  conjunction  with  the  library  of  classes  of  constitutive  models  to  be  developed,  a  database 
of  constitutive  parameters  for  the  variety  of  airport  pavement  materials  will  be  developed  as  input 
for  the  primary  response  model.  Generally,  these  parameters  are  functions  of  environmental 
variables  such  as  temperature  and  moisture,  and  also  change  with  factors  such  as  aging,  load 
history,  and  the  other  forms  of  damage.  An  important  part  of  the  development  of  the  unified 
pavement  model  proposed,  therefore,  will  be  a  comprehensive  laboratory  testing  program  to 
determine  constitutive  parameters  that  will  make  up  this  database.  These  parameters  are  given 
several  names  including  "hardening  parameters,"  "internal  variables,"  and  "memory  variables" 
[16]. 
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7.  Cumulative  Damage  Assessment 


The  primary  goal  of  the  design  of  an  airport  pavement  is  to  develop  a  structural  design  that 
will  withstand  the  repeated  application  of  aircraft  loading  and  the  effect  of  environmental  variations 
over  time.  A  particular  pavement  structure  with  defined  materials  and  design  parameters  when 
subjected  to  a  combination  of  aircraft  traffic  and  environmental  loading  will  over  time  experience 
damage.  For  a  selected  failure  mechanism,  damage  analysis  can  be  used  to  determine  when  these 
repeated  loading  cycles  and  the  resulting  accumulated  damage  will  reach  a  limit  that  will  cause  the 
pavement  to  fail  according  to  a  pre-determined  criteria. 

A  particularly  important  aspect  of  analysis  and  design  using  the  unified  pavement  model, 
therefore,  is  the  interpretation  of  the  output  obtained  from  the  primary  response  model  in  an 
assessment  of  the  cumulative  damage  that  will  be  sustained  by  an  airport  pavement  This  will 
involve  postprocessing  of  the  database  of  nodal  displacements,  strains,  stresses,  and  damage 
measures  (e.g.,  equivalent  plastic  strain)  generated  per  load/rimc  step  from  the  primary  response 
model,  to  obtain  some  measure  of  the  cumulative  damage  experienced  by  the  pavement  over  time. 

This  is  perhaps  one  of  the  most  important  aspects  on  the  design  of  any  structure,  including 
pavement  design,  since  it  is  the  only  way  an  engineer  can  determine  whether  a  particular  product 
will  meet  the  requirements  for  which  it  is  provided.  Thus,  although  the  development  of  a 
cumulative  damage  assessment  procedure  is  not  explicitly  stated  as  a  goal  of  the  development  of  the 
primary  response  model,  it  is  important  to  give  some  consideration  to  Us  role  in  the  provision  of  ar. 
adequate  product 


7.1  Assessing  Overall  Pavement  Damage 

Traditionally,  simple  damage  assessment  procedures  in  the  fashion  of  Miner's  theory  have 
been  used  in  assessment  of  cumulative  damage.  These  procedures  assume  damage  is  history 
independent  and  that  the  magnitude  and  sequence  of  loading  have  no  effect  on  the  accumulation  of 
damage.  For  the  unified  airport  pavement  analysis  and  design  system  to  be  useful,  a  more  realistic 
assessment  of  damage  is  required. 

The  table  below  shows  the  major  forms  of  damage  that  occur  in  airport  pavements  and  the 
causes  and  consequences  of  these  forms  of  damage.  The  damage  assessment  procedure  developed 
will  concentrate  on  the  de termination  of  the  overall  damage  to  pavements  based  on  these  major 
damage  forms.  The  response  of  a  pavement  system  to  a  particular  load  is  influenced  by  its  history 
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vis-a-vis  prior  cracking,  prior  permanent  deformation  and  material  aging,  and  by  the  current 
environmental  (temperature  and  moisture)  conditions.  In  addition,  several  of  the  failure  modes 
interact  with  each  other,  which  increases  the  complexity  of  the  problem.  The  damage  accumulation 
procedure  must  account  for  these  factors  and  interactions. 


Table  7-1.  Major  Forms  of  Damage  and  Causes  and  Consequences  that 

Occur  in  Airport  Pavements 


Form  of  Damage 

Cause 

Consequences 

Cracking 

Localized  stress 
(thermal  and  mechanical) 

Stress  redistribution  in 
pavement  structure 

Permanent 

deformation 

Stress 

Stress  redistribution, 
rutting 

Aging 

Environment 

Altered  constitutive 
behavior,  increased 
susceptibility  to  damage 

Fatigue 

Cyclic  loading 

Cracking 

7J2  Damage  Accumulation  Procedure 


Equation  9  depicts  the  concept  proposed  for  the  assessment  of  cumulative  damage  in  airport 
pavements  over  time.  The  stress,  strain,  displacement  and  local  damage  in  the  brackets  represent 
the  nodal  outputs  obtained  from  the  primary  response  model  per  load  step: 


1 

Load 

Ttmptrature 

Uoisuut 

Tim* 


r 


Finite 
4  Element 
Analysis 


Constitutive 
Mn AA* 


Stress 

Strain  Cumulative 

Displacement  Donate 

Local  Damage 


For  the  typical  20-year  analysis  period  for  an  airport  pavement,  tins  translates  into 
thousands  of  cycles  or  finite  element  analyses  which  have  to  be  evaluated,  if  the  effect  of  factors 
such  as  the  repeated  traffic  loading,  temperature  and  moisture  changes,  material  aging  and  other 
local  damage  are  to  be  modeled  accurately.  There  is  also  the  non-deterministic  aspect  of 
determining  the  load  and  environmental  condition  for  etch  particular  load  step.  A  major  objective 
in  the  development  of  the  unified  airport  pavement  model  will  be  to  determine  how  best  this 
summation  can  be  carried  out  to  realistically  assess  cumulative  damage  within  the  limitations  of 
computer  capabilities. 

At  the  extreme  one  can  theoretically  simulate  the  actual  condition  of  a  design  and 
accumulate  the  damage  generated  per  load  step  for  the  entire  analysis  period  This  is  the  ultimate 
approach  for  a  realistic  assessment  of  damage  but  requires  an  unrealistic  amount  of  computer  time 
to  simulate  trie  typical  20-year  analysis  period  for  airport  pavements.  More  practically,  the  analysis 
period  can  be  broken  up  into  a  small  number  of  increments,  with  the  conditions  (material 
properties,  temperature,  moisture,  etc.)  within  each  increment  assumed  to  remain  constant  The 
average  damage  for  each  increment  (e.g.,  hourly  increment)  can  then  be  determined  with  some 
degree  of  accuracy,  and  die  damages  for  the  increments  accumulated  to  give  the  total  damage  over 
the  analysis  period.  A  procedure  for  determining  the  damage  in  pavement  systems  based  on  this 
practical  approach  will  be  developed  for  the  proposed  unified  airport  pavement  analysis  and  design 
system.  The  procedure  will  provide  for  a  sufficient  number  of  iterations  to  approximate  reality. 
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8.  Summary  and  Recommendations 


The  concept  development  described  above  comprise  the  first  step  in  a  multi-phase  program 
towards  the  development  of  a  unified  airport  pavement  analysis  and  design  system.  The 
subsequent  phases  of  the  program  will  concentrate  on  the  actual  development  of  the  analysis 
system,  the  laboratory  and  field  testing  of  the  system  for  verification,  and,  finally,  the 
implementation  of  the  system.  In  this  initial  step,  the  framework  of  the  unified  pavement  model 
has  been  outlined.  The  main  features  of  the  unified  pavement  model  proposed  are: 

a.  A  central  primary  response  model  based  on  3-D  FEA  for  the  realistic  structural  analysis 
of  all  types  of  airport  pavement  under  varying  aircraft  traffic,  environmental  and 
material  conditions.  A  3-D  FEA  model  is  proposed  to  permit  the  solution  of  the 
complex  airport  pavement  problems  in  which  many  non-linearities  exist  in  terms  of 
materials,  geometry,  and  boundary  conditions. 

Advanced  preprocessing  capabilities  are  proposed  that  will  allow  the  automatic  mesh 
generation  for  a  design  using  3-D  element  types.  Other  preprocessing  capabilities 
include  realistic  representation  of  a  wide  range  of  load  and  boundary  conditions.  Users 
will  be  able  to  represent  mechanical  loads  as  point,  distributed,  or  axial  loads,  and 
techniques  such  as  the  use  of  a  specified  displacement  to  represent  the  effect  of 
environmental  loading  will  be  provided. 

A  powerful  solution  procedure  that  will  result  in  reduced  memory  requirements  and 
allow  the  solution  of  the  complex,  non-linear  airport  problems  on  smaller  computer  is 
proposed  for  implementation.  The  solution  procedure  will  result  in  an  increase  in 
computation  speeds  by  a  factor  of  between  5  and  10  in  comparison  to  the  traditional 
solution  procedures. 

Graphical  postprocessing  capabilities  to  allow  the  efficient  interpretation  and  reporting 
of  the  results  obtained  from  the  primary  response  model  include  the  ability  to  plot 
deformed  and  undeformed  shape  of  a  model,  color  contour  plots,  and  X-Y  plots  of  all 
the  scalar  variables  obtained  as  a  function  of  location,  load,  time  (history  plots)  or  other 
variables. 

b.  A  library  of  incremental  constitutive  models  for  the  major  classes  of  airport  pavements. 
For  each  of  these  classes  of  materials,  the  constitutive  models  can  be  progressively 
modified  by  the  addition  of  parameters  which  will  better  describe  the  physical  behavior 
of  the  materials  as  they  became  more  complex. 
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c.  A  procedure  for  assessing  the  cumulative  damage  experienced  by  a  design  as  a  result  of 
the  repeated  application  of  aircraft  traffic  loads  under  different  environmental 
conditions,  and  changing  material  and  structural  conditions,  over  the  life  of  the  design. 
This  procedure  will  require  the  incremental  summation  of  damage  over  the  analysis 
period. 

There  is  agreement  throughout  the  airport  pavement  community  on  the  need  to  move  to 
mechanistic  procedures  that  will  allow  a  mare  realistic  analysis  and  design  of  airport  pavement  to 
meet  the  enormous  demands  of  the  future.  The  development  of  the  unified  airport  pavement 
analysis  and  design  system  proposed  herein  will  provide  us  with  such  an  opportunity. 

The  development  of  a  powerful,  3-D  finite  element  framework  with  fast  static/dynamic 
solution  algorithms  and  associated  library  of  elements  is  emphasized.  A  stepwise  incorporation  of 
constitutive  models  to  take  account  of  increasingly  complex  material  properties  will  enable  a 
progressive  development  of  the  unified  airport  pavement  analysis  and  design  system,  that  will 
increase  its  capabilities  as  time  goes  on.  A  unified  pavement  model  for  new  pavement  design, 
which  is  capable  of  handling  existing  pavement  evaluation  and  the  design  of  strengthening 
overlays,  involving  the  use  of  nondestructive  testing  to  obtain  insitu  material  properties,  is 
envisaged. 

It  must  be  noted  that  the  primary  response  model  will  only  be  as  accurate  as  the  quality  of 
the  model  generated  for  a  design;  the  constitutive  models  used;  the  realistic  representation  of  the 
loads  and  boundary  conditions;  and  the  solution  algorithms  implemented  in  the  3-D  FEA  program. 
Demonstration  and  validation  of  the  program  at  regular  intervals,  even  without  the  ultimate 
constitutive  models  implemented,  is  recommended.  This  will  permit  improvements  to  take  care  of 
shortcomings  encountered  and,  at  the  same  time,  provide  a  program  for  preliminary  work. 
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10.  List  of  Symbols 


Cjj ,  Ejj  =  stress  and  strain  tensors 

£  =  reduced  time  and  £  =  t/a-p 

a rp  =  shift  factor  which  is  a  function  of  temperature  only 

J(t)  a*  creep  compliance  in  shear 

Sjj  =  bonecteddla 

K  -  bulk  modulus 

=  stress  tensor 

G  »  shear  modulus 

K  =»  bulk  modulus 

F  =  yield  function 

f  =  yield  criterion 

7  a  plastic  viscosity  coefficient 
t\  =  4( Gf-G^y2^ 

Kt,Gs  a  tangents  and  secant  moduli  respectively 

a  stress  rate  tensor 

£jj  a  srain  rate  tensor 

J2,  J3  »  2nd  and  3rd  in  variants  of  the  deviataric  stress  tensor 
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Summary 

We  have  taken  initial  steps  toward  developing  a  mechanistic  approach  to  the  design  of 
airport  pavement  structures  and  carried  through  sufficiently  to  provide  proof  of  concept.  At  the 
start  of  this  project,  the  major  elements  that  were  unavailable  were  determined  to  be  a  method  for 
lifetime  prediction  and  material  models  to  describe  fatigue  cracking  and  rutting.  During  this 
project,  we  have  developed  initial  versions  of  all  three  of  these  elements.  We  have  developed  a 
method  for  predicting  pavement  lifetimes  using  three-dimensional  finite  element  codes  and  the 
material  models.  This  prediction  procedure  led  us  to  requirements  on  the  nature  and  accuracy  of 
the  material  models. 


The  material  model  for  fatigue  cracking  is  a  micromechanical  extension  of  an  available 
fatigue  model  used  for  metals  and  other  materials.  This  mechanistic  model  is  based  on  the 
presence  of  flaws  in  the  material  that  are  grown  during  periods  of  tensile  stress.  With  sufficient 
growth,  these  flaws  become  the  large  cracks  that  represent  destruction  of  both  Portland  cement  and 
asphalt  concrete  pavement.  The  fatigue  model  was  incorporated  into  an  SRI  multiple-plane 
plasticity  model  to  be  able  to  represent  the  serious  anisotropy  that  develops  during  cracking.  This 
combined  model,  in  a  computer  subroutine,  was  included  with  the  three-dimensional  finite  element 
code  DYNA3D,  and  simulations  were  made  for  an  aircraft  wheel  gear  rolling  over  a  pavement 
Then  a  lifetime  prediction  was  made  based  on  fatigue  cracking  in  the  base  of  the  pavement 

The  rutting  model  was  developed  based  on  an  examination  of  the  observed  (and  unusual) 
viscoelastic,  dilatant,  and  viscoplastic  behavior  of  asphalt  concrete  pavement  The  model  has 
components  that  represent  each  of  these  aspects,  although  rutting  probably  depends  primarily  on 
the  permanent  deformation  caused  by  the  viscoplastic  behavior.  The  model  appears  to  reproduce 
laboratory  data  satisfactorily.  We  have  not  completed  implementation  of  the  model  into  a  computer 
subroutine  appropriate  for  combining  with  DYNA3D,  so  we  could  not  perform  simulations  of 
wheel  loading  tests. 

Through  this  project  we  have  developed  a  lifetime  prediction  procedure,  a  material  model 
for  fatigue  damage,  and  a  model  for  rutting.  We  have  shown  that  each  appears  to  represent  field 
and/or  laboratory  conditions,  although  we  do  not  have  complete  quantitative  verifications. 
However,  we  feel  that  we  have  shown  that  each  of  these  major  new  aspects  of  the  pavement  design 
procedure  is  feasible.  Because  the  concept  of  a  unified  pavement  theory  has  been  proved  in  this 


for  pavements. 


1.  Introduction 


The  Federal  Aviation  Agency  has  recognized  the  need  for  an  advanced  airport  pavement 
design  procedure  because  of  the  rapid  decay  of  existing  pavements,  increasing  wheel  loads  and  tire 
pressures,  and  the  opportunity  to  incorporate  new  materials.  One  example  of  the  new  materials  is 
fiber-reinforced  concrete,  being  developed  by  the  NSF-funded  Center  for  Cement-Based  Materials 
at  Northwestern  under  Prof.  Shah  [1],  Current  activities  in  pavement  by  the  Strategic  Highway 
Research  Program  and  by  European  agencies  and  contractors,  according  to  Prendergast  [2],  follow 
a  trend  toward  providing  performance  requirements  rather  than  specifying  materials,  mixtures,  and 
procedures.  All  these  new  developments  encourage  us  to  develop  a  more  mechanistic  approach 
toward  pavement  design  so  that  we  can  account  for  new  types  of  materials  and  loadings  in  rational 
ways.  We  believe  that  it  is  now  possible  to  take  a  more  mechanistic  approach  to  design  so  that  we 
can  minimize  the  need  for  extensive  field  tests  far  each  pavement  configuration,  wheel  load,  and 
paving  material  and  yet  produce  longer  lasting  pavements. 

We  envision  the  following  components  in  a  unified  pavement  design  procedure: 

a.  A  material  constitutive  model  far  high-cyclic  loading.  This  model  is  almost  linearly 
elastic,  but  includes  fatigue  cracking  and  rutting,  and  provides  a  way  to  account  for 
other  factors  such  as  moisture,  temperature,  and  sunlight  degradation. 

b.  A  finite  element  computational  code,  which  contains  the  material  constitutive  model,  to 
calculate  the  stress  and  strain  distributions  and  distress  for  specific  loading  situations 
and  pavement  configurations. 

c.  An  expert  system  program  for  interfacing  between  the  finite  clement  simulations  of  the 
pavement  loading/distress  response  and  the  pavement  design  engineer  to  aid  him/her  in 
reaching  a  design  or  evaluation. 

1.1  Objectives 

The  project  is  an  initial  exploratory  step  into  a  much  larger  program  for  the  development  of 
a  new  design  procedure.  The  objectives  of  the  current  project  are  to: 

1.  Develop  a  physically  based  mechanistic  approach  to  modeling  pavements  made  of 
Portland  cement  concrete,  asphalt  concrete,  and  other  materials. 

2.  Demonstrate  the  suitability  and  feasibility  of  the  approach  byapplyingit  to  selected 
pavement  distress  scenarios. 
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The  proposed  pavement  design  concept  is  intended  to  provide: 

1 .  An  ability  to  predict  stress  and  deformation  as  a  function  of  rate  of  loading,  tire 
footprint,  magnitude  of  loading,  material  properties,  temperature,  density,  and  other 
factors* 

2.  A  theoretical  foundation  for  the  prediction  of  pavement  displacement  and  deflection 
basin  profiles  under  various  types  of  aircraft  tire  loading  and  nondestructive  test 
devices.  This  new  concept  should  provide  an  analysis  method  for  determining 
pavement  properties  from  nondestructive  testing  data. 

3.  A  means  for  computing  the  conditions  at  joints  in  rigid  pavements,  including  the 
strains,  stresses,  and  displacements  under  various  loadings. 

4.  A  method  for  predicting  levels  of  stress  at  which  pavement  materials  will  rupture  under 
loading  or  thermal  effec  ts.  This  method  must  be  compatible  with  crack  propagation 
theory. 

5 .  An  analysis  for  determining  the  maximum  thermal  stresses  as  a  function  of  temperature, 
temperature  gradient  in  depth,  and  distance  from  the  free  surface 

6.  A  means  for  relating  the  results  of  nondestructive  tests  on  existing  pavements  to  the 
strength  of  the  pavement  to  withstand  aircraft  tire  loadings. 

7 .  A  method  for  analyzing  and  accounting  for  the  presence  or  absence  of  bond  between 
pavement  layers. 

During  this  initial  project,  the  emphasis  is  on  fatigue  and  rutting  distress  for  the  pavement 
Later  stages  of  the  program  will  account  for  die  effects  of  moisture,  temperature,  and  other  factors. 

1 .2  Approach:  Vision  of  the  Design  Procedure 

We  envision  a  PC-based  expert  system  to  guide  the  pavement  designer  and  decision-maker. 
When  initial  decisions  are  made  on  the  pavement  type  and  thicknesses,  these  are  tested  by  the  code 
for  adequacy.  The  tests  consist  of  finite  element  simulations  of  pavements  to  predict  the  lifetimes 
under  representative  loadings,  temperatures,  wetting  cycles,  and  other  conditions. 

Current  computations  require  several  hours  for  three-dimensional  simulations  of  a  wheel 
loading  on  a  pavement  We  expect  improvements  in  computational  times  of  about  5-fold  each  year 
so  that  simulations  will  take  minutes  when  the  project  is  completed.  Hence,  we  believe  that  the 
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pavement  loading  simulations  can  be  performed  on  a  workstation  in  short  enough  time  that  they 
can  be  integrated  into  the  expert  system  for  overall  decision  making. 

The  finite  element  code  should  be  three-dimensional  because  the  problems  to  be  treated  are 
almost  all  clearly  three-dimensional.  The  code  should  also  be  a  public-domain  code  so  that  it  can 
be  readily  distributed  by  the  FAA  to  prospective  users.  It  must  be  equipped  with  a  powerful 
preprocessing  system  to  automatically  lay  out  wheels  or  to  provide  the  stress  footprint  under 
wheels  for  minimal  input  from  the  user.  The  user  should  specify  only  the  aircraft  type  and 
possibly  the  weight  to  obtain  the  loading  required.  There  should  be  a  similar  simple  description  of 
the  pavement  The  post-processor  should  mainly  display  an  indication  of  under-  or  over-design 
and  guide  the  selection  of  the  next  pavement  design.  Figures  of  loading  damage  contours  should 
be  available  on  request,  but  are  not  the  primary  information  required  by  the  designer. 

In  our  view  the  critical  elements  for  the  program  and  their  availability  at  the  beginning  of 
the  project  were  as  follows: 

1.  Response  model  or  finite  element  code:  largely  available 

2.  Material  model  for  rutting  in  pavements:  unavailable 

3.  Material  model  far  fatigue  damage  in  pavements:  unavailable 

4.  Lifetime  prediction  on  a  mechanistic  basis:  unavailable 

5.  Expert  system:  not  available,  but  can  be  developed  when  the  preceding  items  are 
available. 

To  show  the  feasibility  of  our  approach,  we  concentrated  our  efforts  on  items  (2),  (3),  and 
(4)  because  these  were  largely  unavailable.  The  following  sections  describe  our  efforts  in  these 
areas.  We  begin  with  the  life  prediction  because  it  focused  our  attention  on  the  most  critical  aspects 
of  the  material  models,  which  are  discussed  later. 
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2.  Lifetime  Prediction 


The  suitability  of  a  pavement  design  is  based  largely  on  the  lifetime  predicted  for  the 
pavement,  and  the  lifetime  is  determined  by  the  gradual  development  of  damage  to  the  point  at 
which  the  pavement  is  judged  unsatisfactory.  We  concentrate  here  on  just  two  types  of  damage: 
fatigue  cracking  and  rutting.  Other  types  of  damage  should  be  dealt  with  in  later  phases  of  the 
contract  First,  we  illustrate  with  experimental  data  some  aspects  of  the  lifetime  prediction  and  then 
describe  our  approach  to  the  prediction. 

Fatigue  damage,  in  our  view,  occurs  through  the  gradual  growth  of  initial  flaws  in  the 
pavement  Eventually,  after  many  loadings,  these  flaws  grow  to  be  large,  readily  visible  cracks. 
Figure  2-1  shows  the  variation  of  the  stiffness  of  small  asphalt  concrete  samples  in  laboratory 
fatigue  testing.  The  plot  shows  that  the  stiffness  is  seriously  decreasing  throughout  the  life  of  the 
pavement  This  stiffness  variation  reflects  the  growing  presence  of  the  cracks,  we  believe.  To 
represent  this  gradual  growth  of  damage,  the  fatigue  material  model  must  be  able  to  describe  very 
small  growth  (micrometers  and  smaller)  of  the  cracks  during  each  loading  cycle. 

A  similar  plot  of  permanent  deformation  (the  major  cause  of  rutting)  under  cyclic  shearing 
loading  is  shown  in  Figure  2-2.  Here  there  is  a  gradual  development  of  deformation  during  the 
entire  lifetime.  On  each  loading  cycle,  the  strains  are  very  small  (tens  to  hundreds  of  micros  train), 
but  they  lead  to  significant  rutting  after  many  thousands  of  cycles.  Therefore,  the  material  model 
for  rutting  must  be  able  to  represent  accurately  the  gradual  buildup  of  very  small  permanent 
deformations  during  each  loading.  The  prediction  of  the  lifetime  depends  critically  on  an  accurate 
representation  of  the  rate  of  development  of  this  deformation. 

To  develop  a  predictive  capability  for  the  lifetime  of  a  given  pavement  structure,  we  expect 
to  take  the  following  steps.  We  presume  that  we  begin  with  a  My  defined  pavement  and 
subgrade,  mix  of  wheel  loads,  temperature  and  moisture  conditions,  and  other  considerations. 

Then  we  perform  a  representative  set  of  finite  element  simulations  of  the  kutdings  on  the  structure. 
This  set  will  include  the  range  of  wheel  loads  and  other  conditions  such  that  it  represents  the 
loadings  over  a  month  or  a  year.  From  this  set  of  simulations,  we  obtain  fee  amount  of  damage 
present  in  the  structure  and  the  rate  of  increase  of  feat  damage.  Thus  we  have  the  fust  point  on  a 
lifetime  prediction  plot  like  Figure  2-3.  Here  we  are  showing  only  a  generic  damage  feat  could  be 
fatigue  cracking,  rutting,  or  some  other  kind  of  damage. 
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Figure  2-1.  Change  in  Stiffness  with  Number  of  Loading  Cycles  (from 

page  19  of  ASonismith  et  al,  Ref.  3) 
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Figure  2-2.  Accumulation  of  Permanent  Deformation  as  a  Function  of 
Loading  Cycle  Under  Repetitive  Shear  Stresses  (from  page  51  of 
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Figure  2-3.  Planned  Prediction  Procedure  for  lifetimes  Based  on  Finite 
Element  Calculations  at  Intervals  During  the  Life 
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From  the  computed  damage  point  on  the  prediction  curve  of  Figure  2-3,  we  extrapolate  to 
some  future  time,  using  the  computed  rate  of  damage  per  loading  cycle.  A  similar  extrapolation 
procedure  is  used  to  update  the  amount  of  damage  stored  in  the  finite  elements  of  the  computer 
simulation.  Then  a  set  of  finite  element  simulations  are  made  at  this  future  time,  providing  new 
damage  and  rate-of-damage  values.  This  procedure  of  extrapolating  to  a  new  time  and  performing 
a  set  of  finite  element  simulations  is  then  repeated  until  the  pavement  has  reached  the  level  of 
damage  that  is  considered  to  be  critical. 

We  note  several  problems  connected  with  this  lifetime  procedure.  First,  it  requires 
extrapolation,  and  extrapolation  always  introduces  uncertainties.  Because  of  the  inherent 
uncertainty  of  extrapolation,  we  want  very  good  precision  in  its  bases.  Therefore,  we  make  the 
following  requirements  on  the  material  model  and  the  finite  element  calculations: 

•  High  accuracy  in  the  calculation  of  small  increments  of  damage  so  that  the  rate  of 
damage  is  given  with  good  precision. 

•  Analytical  and  mechanistic  prediction  for  the  variation  of  damage  with  loading  cycles. 

As  noted  in  later  sections,  we  have  developed  material  models  that  appear  to  fulfill  the  first 
requirement  The  second  requirement  is  met  by  the  fatigue  model  because  we  have  a  mechanistic 
model  for  the  rate  of  development  of  crack  damage  with  loading  cycle.  Such  a  mechanistic  and 
analytical  prediction  is  not  yet  available  for  rutting 

In  the  procedure  described  above,  we  have  performed  the  lifetime  prediction  using  small 
increments  of  damage  or  life,  rather  than  predicting  the  entire  life  from  an  initial  point.  We  feel  this 
incremental  approach  is  essential  to  minimize  the  errors  of  extrapolation  and  to  provide 
appropriately  for  the  interaction  between  the  various  forms  of  damage.  Far  example,  wc  expect 
that  rutting  damage  will  change  the  geometry  enough  to  lead  to  cracking  damage  in  some  cases. 
This  change  in  geometry  can  be  handled  only  by  an  incremental  approach. 

In  the  next  sections  we  discuss  the  finite  element  ctv*e  and  the  material  models  with  die 
foregoing  lifetime  prediction  requirements  in  mind.  We  will  return  to  the  consideration  of  lifetime 
prediction  for  both  model  types.  Only  for  the  fatigue  model  have  we  been  able  to  proceed  to  a  full 
prediction  of  the  lifetime.  However,  when  the  rutting  model  is  fully  implemented  in  the  finite 
dement  code,  we  believe  that  we  can  perform  such  a  lifetime  prediction  for  this  model  also. 
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3.  Finite  Element  Code  tor  Structural  Simulations 


As  our  basic  response  model  or  computational  tool,  we  have  chosen  to  use  a  three- 
dimensional  finite  element  code  with  dynamic  capabilities.  Such  a  code  permits  a  detailed 
representation  of  the  loading  and  geometry  of  the  problem  and  provides  an  accurate  solution  for  the 
stresses,  strains,  and  displacements  under  all  the  conditions  we  expect  to  encounter.  With  this 
approach  we  can  account  for  all  the  factors  thought  to  be  important:  sunlight  degradation, 
temperature,  moisture,  variation  of  properties  with  depth,  as  well  as  inelastic  and  nonlinear  elastic 
processes.  We  can  also  perform  both  static  and  dynamic  analyses  as  required  for  the  conditions  of 
interest  Therefore,  we  have  chosen  the  finite  element  model  over  closed  form  analytical  car 
empirical  approaches. 

The  response  model  or  finite  element  code  contains  several  material  models  as  subroutines 
that  can  be  used  to  represent  specific  types  of  materials.  Usually  more  material  models  can  be 
added  as  required.  We  recognize  that  finite  element  codes  will  not  have  available  an  appropriate 
constitutive  model  or  damage  model  for  pavement  and  that  this  model  must  be  added  to  the  code. 
As  described  in  Sections  4  and  S,  standard  constitutive  models,  including  elastic,  elastic-plastic, 
viscoelastic,  and  viscoplastic,  are  inadequate  to  describe  the  fatigue  and  rutting  behavior  of 
pavement  Hence,  we  must  expea  to  add  appropriate  material  models  to  any  finite  element  code 
selected. 


3.1  Selection  Criteria  for  a  Finite  Element  Code 

The  selection  criteria  that  we  considered  in  choosing  a  code  are  as  follows: 

1.  The  code  must  handle  dynamic  behavior.  We  are  ejecting  loadings  (such  as  those 
produced  by  aircraft  landings  and  falling-weight  devices)  in  which  the  critical  loading 
times  will  be  several  milliseconds.  Such  loading  rates  are  readily  treated  by  standard 
finite  element  codes  with  dynamic  equations  of  motion. 

2.  The  code  must  handle  sophisticated  loading  such  as  moving  loads,  temperature  loads, 
contact  load,  and  impact  loads,  and  it  must  handle  interfaces  between  layers. 

3.  The  code  must  be  able  to  model  complex  geometries,  including  layering,  joints,  and 
gaps  and  interfaces  between  materials. 
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4.  Nonlinear  material  behavior  must  be  treated.  For  example,  if  any  standard  plasticity 
models  are  handled  in  die  code,  the  code  has  sufficient  nonlinear  capability  for  our 
purposes. 

5.  The  code  must  accept  material  models  of  general,  anisotropic  type.  For  a  material  with 
developing  damage,  the  response  becomes  highly  anisotropic.  Also,  the  code  must 
permit  the  storage  of  many  history  variables  per  element  (say,  50).  These  extra 
variables  are  needed  to  store  the  information  related  to  the  accumulation  of  fatigue 
cracking  damage  and  of  rutting  damage. 

6.  There  should  be  a  suitable  preprocessor  to  lay  out  the  finite  element  grid  and  a 
postprocessor  to  exhibit  the  results.  During  later  phases  of  the  work,  as  the  code  is 
integrated  into  the  expert  system  software,  these  two  processors  will  need  to  be  further 
automated. 

7 .  The  source  code  for  the  analysis  and  pre-  and  postprocessing  programs  must  be  in  the 
public  domain  and  be  sufficiently  well-documented  to  allow  modifications.  In  the  long 
run,  the  analysis  program  (response  model)  must  be  readily  available  and  usable  by 
designers  who  will  typically  not  be  experts  in  running  finite  element  codes. 

Although  several  codes  are  available  from  commercial  vendors  that  meet  requirements  1-6, 
as  far  as  we  know,  the  only  codes  in  the  public  domain  that  satisfy  all  the  requirements  listed  are 
the  DYNA3D  [4]  and  NIKE3D  [5]  finite  element  codes  developed  at  Lawrence  Livermore  National 
Laboratories  (LLNL)  by  John  Hallquist  These  codes  are  sophisticated  three-dimensional  finite 
element  codes  that  have  been  used  extensively  to  analyze  the  static  and  dynamic  response  of 
structures  over  a  wide  range  of  geometries,  materials,  and  loading  conditions.  At  SRI,  we  have 
used  these  codes  for  analyzing  the  response  of  space  structures  [6],  underground  tunnels  [7], 
solder  joints  [8],  welded  structures  [9],  as  well  as  icc/pavement  interaction  [10]  and  soil/structure 
interaction  [11].  In  doing  so,  we  have  become  familiar  enough  with  the  source  codes  to  have  made 
significant  modifications  to  them.  These  codes  have  very  advanced  capabilities  suitable  for  the 
computations  we  expect  to  perform  and  for  displaying  the  results. 

Within  this  family  of  codes,  there  are  two  options  depending  on  the  solution  procedure. 
DYNA3D  is  an  explicit  code  in  which  the  dynamic  equilibrium  equations  and  constitutive  relations 
are  integrated  as  a  function  of  time  directly,  using  a  time  increment  that  is  governed  by  the  wave 
speed  through  the  materials.  This  code  is  well  suited  to  the  analysis  of  highly  dynamic  problems 
with  large  nonlinearities  and  short  loading  times  (impact  problems,  for  example). 
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N1KE3D  is  an  implicit  code  in  which  the  relevant  equations  are  solved  simultaneously 
through  inversion  of  a  structure  stiffness  matrix.  The  time  steps  can  be  selected  to  fit  the  nature  of 
the  problem  and  are  typically  (me  to  several  ciders  of  magnitude  larger  than  for  an  explicit  code. 
This  method  is  well-suited  to  quasi-linear  problems  with  minor  dynamic  effects. 

The  choice  of  code  depends  typically  on  the  relative  calculation  times.  Although  implicit 
codes  take  fewer  time  steps,  each  step  takes  considerably  more  calculation  time  than  for  explicit 
codes,  especially  for  three-dimensional  configurations.  Because  NIKE3D  and  DYNA3D  share 
similar  architecture,  we  would  implement  the  pavement  model  into  both  codes.  The  only 
significant  difference  in  the  two  models  is  that  the  model  far  NEKE3D  requires  an  element  stiffness 
matrix. 


3.2  Pre-  and  Postprocessors 

DYNA3D  and  NIKE3D  shar*  a  common  preprocessor,  INGRID,  and  postp  rocessor, 
TAURUS.  An  example  of  the  sophisticated  types  of  analysis  possible  with  these  codes  is  shown 
in  Figure  3-1.  We  have  modeled  a  tandem  landing  gear  traveling  at  100  mph  over  a  layer  of 
Portland  cement  concrete  (PCQ  pavement  Calculations  of  the  resulting  stresses,  strains,  and 
damage  in  the  pavement  are  described  in  Section  4  in  connection  with  the  fatigue  model 


3.3  Interaction  of  the  Finite  Element  Code  and  the  Material 
Constitutive  Model 

We  considered  the  possibility  of  performing  strictly  elastic  computations  with  the  finite  element 
code  and  then  using  the  stress  or  strain  states  to  determine  the  development  of  damage  (fatigue 
cracking  or  rutting)  as  separate  analyses  based  on  the  stress  or  strain  states.  In  our  experience, 
there  is  a  large  Interaction  between  damage  and  stress,  so  the  interaction  becomes  an  important 
aspect  of  the  problem.  It  is  well  established  that  the  development  of  cracks  (orientation  as  well  as 
amount  of  growth)  depends  on  this  interaction.  In  rutting,  the  later  stages  especially  depend  on  the 
change  in  geometry  and  properties  that  have  built  up  over  time.  This  change  in  geometry  caused 
by  rutting  can  lead  to  cracking  in  the  top  of  the  pavement  Hence,  the  interaction  between  the 
stress  and  strain  states  and  the  distress  is  too  important  to  be  neglected.  Therefore,  we  have 
chosen  to  make  our  material  model  represent  all  die  damage  processes  and  interact  with  the  finite 
clement  code  so  that  the  distress  will  be  directly  exhibited  from  the  finite  clement  computations. 
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Figure  3-1.  Finite  Element  Layout  of  an  Aircraft  Landing  Gear  on  a  12- 
Inch-thlck  Portland  Cement  Concrete  Pavement,  Provided  by  the 

Preproceaaor  with  DYNA3D 


4.  Fatigue  Model 


Both  Portland  cement  concrete  and  asphalt  concrete  can  undergo  cracking  under  repeated 
loading.  We  expect  similar  cracking  behavior  for  any  other  paving  material  with  intermediate 
behavior  and  properties.  This  fatigue  damage  has  been  observed  to  occur  in  a  variety  of  ways  in 
pavement: 

a.  Cracking  at  the  base  of  a  slab  by  tensile  bending  stresses 

b.  Delamination  between  pavement  layers  (reflection  cracking) 

c.  Cracking  along  the  surface  at  the  edge  of  ruts  in  asphalt  concrete 

d.  Cracking  around  dowels,  comers,  and  joints  in  Portland  cement  concrete. 

Here  we  focus  on  only  the  first  of  these  problems  for  simplicity  because  this  cracking  is  closely 
related  to  the  continuum  stresses.  Later  we  expect  to  be  able  to  adapt  the  fatigue  model  to  treat 
other  types  of  cracking. 

In  the  following  paragraphs,  we  describe  first  our  view  of  the  fundamental  processes  that 
occur  in  fatigue  cracking  and  some  data  obtained  from  field  and  laboratory  fatigue  tests.  Then  we 
discuss  available  fracture  models  and  assess  their  applicability  to  the  pavement  problem.  Finally, 
we  outline  the  fatigue  model  we  have  developed  and  present  some  initial  results  with  the  model 

When  fatigue  cracking  occurs,  we  expect  that  it  begins  by  initiating  small  flaws  in  the 
cement  matrix  or  in  the  aggregate  or  at  the  interface  between  the  aggregate  and  the  cement  These 
small  flaws  have  sizes  on  the  order  of  the  sizes  of  the  aggregates.  At  each  loading  cycle,  these 
cracks  grow  by  a  small  amount.  After  a  thousand  or  a  hundred  thousand  loading  cycles,  the  cracks 
have  become  so  large  that  they  arc  noticeable  and  require  repair.  This  gradualness  of  the 
development  of  fatigue  cracks  is  supported  by  the  laboratory  fatigue  testing  of  Monismith  and  co- 
workers  [3, 12].  In  their  tests  on  small  asphalt  concrete  beams,  they  observed  a  gradual  reduction 
in  stiffness  with  increasing  numbers  of  loading  cycles.  This  decreasing  stiffness  is  probably 
caused  by  the  opening  of  the  small,  but  growing  cracks.  An  expression  for  the  apparent  modulus 
of  a  material  containing  cracks  is  given  in  Appendix  A,  Eq.  (9),  shotting  how  the  presence  of 
cracks  reduces  the  apparent  stiffness.  During  the  fatigue  tests,  the  stress  is  always  a  small  fraction 
of  the  critical  tensile  stress  for  fracture. 
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4.1  Review  of  Available  Models  for  Cracking 


To  develop  or  adapt  a  model  to  represent  the  foregoing  perception  of  the  fatigue  cracking 
processes  in  pavement,  we  began  by  examining  a  few  commonly  used  fracture  models.  The 
standard  approach  to  fracture  uses  linear  elastic  fracture  mechanics  (LEFM).  In  this  approach  a 
flaw  of  radius  a  and  the  fracture  toughness  of  the  material  Kjc  are  introduced.  The  critical  tensile 
stress  for  which  a  penny-shaped  crack  will  grow  is 


When  a  tensile  stress  greater  than  Ocr  is  applied  to  the  object  containing  the  flaw  with  a 
radius  a,  the  crack  grows  until  the  stress  drops  below  the  critical  value  (the  critical  value  decreases 
as  the  crack  grows).  Thus,  generally,  we  have  either 

<y<Gcr  :  no  growth,  or 

o>o  cr  :  catastrophic  growth. 

Because  we  expect  thousands  of  cycles  of  essentially  the  same  stress  level  before  the  cracks 
become  noticeable,  this  LEFM  model  is  not  an  appropriate  description  of  pavement  behavior. 

Since  the  late  1960s  LEFM  has  been  amplified  to  treat  more  gradual  cracking  of  ductile 
materials.  This  theory  is  called  elastic-plastic  fracture  mechanics  (EPFM).  In  EPFM  initial 
cracking  occurs  when  the  stress  exceeds  a  critical  value  related  to  Jfc  (similar  to  Kfc),  but  here  the 
crack  may  grow  stably  for  some  time.  If  the  crack  opening  relieves  some  of  the  stress,  the  crack 
may  cease  growing.  This  model  behavior  is  similar  to  some  aspects  of  fatigue  cracking  seen  in 
pavement,  but  there  axe  also  important  features  tltat  conflict  with  observations; 

1.  The  crack  growth  rates  from  EPFM  are  too  large  when  the  stresses  are  above  the  critical 
level. 

2.  The  critical  stress  is  nearly  equal  to  the  tensile  strength  of  the  material  when  only 
intrinsic  flaws  arc  considered. 

3.  A  small  increase  in  stress  causes  unstable  crack  growth. 

4.  No  growth  occurs  if  the  stress  is  below  the  criticaUevd. 

Hence,  EPFM  is  also  inappropriate  for  pavement 
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Another  fracture  model  is  the  standard  fatigue  model,  which  was  proposed  by  Paris  [13, 

14]  in  the  early  1960s.  This  model  gives  the  rate  of  crack  growth  per  loading  cycle  as  a  function  of 
the  applied  stress  normal  to  the  crack  face. 


Here  B  and  n  are  constants  AKj  is  the  change  in  the  stress  intensity  factor  according  to  linear 
elastic  fracture  mechanics,  and  Kjc  is  the  fracture  toughness.  Then  Kj  is  related  to  the  stress  on  a 
penny-shaped  crack  by 

KI= (3) 

The  form  for  crack  growth  in  Eq.  (2)  appears  to  represent  fatigue  data  in  many  metals  and  other 
materials.  As  shown  in  Appendix  A,  Eq.  (2)  can  also  be  integrated  to  obtain  the  pavement  damage 
model: 


where  N  is  the  number  of  cycles  to  damage,  0  is  the  peak  tensile  stress  at  the  base  of  the  slab 
during  a  loading  cycle,  and  A,  f,  and  n  are  constants.  The  fatigue  model  appears  to  represent  well 
several  aspects  of  pavement  damage.  The  model  provides  for  small  amounts  of  damage  under  a 
range  of  stresses  and  does  not  require  that  a  critical  level  of  stress  be  reached  before  any  damage 
occurs.  The  stress  levels  of  interest  are  all  below  the  critical  level  from  LEFM.  But  the  model 
does  require  the  presence  of  a  single  crack,  measures  the  response  to  a  single  stress  level,  and  is 
tied  to  the  definition  of  a  loading  cycle. 

4.2  SRI  Fatigue  Model 

We  began  our  development  of  a  fatigue  model  with  the  model  described  by  Eq.  (2).  We 
made  extensions  to  account  for  the  fact  that  a  single  creek  does  not  control  pavement  degradation, 
but  rather  a  large  number  of  microcracks  with  a  variety  of  orientations  and  sizes.  We  also  must  use 
our  model  in  a  finite  element  code  to  represent  wheel  loading  so  that  the  stresses  will  vary  in 
direction  and  magnitude  in  nontrivial  ways  during  the  loading.  Based  on  these  considerations  we 
propose  the  following  constitutive  fatigue  model  for  the  development  of  crack  damage  if: 


465 


(5) 


where  g  and  n  are  dimensionless  constants  and  oCT  is  obtained  from  Eq.  (3)  by  taking  Ki  as  Kjc 
and  a  as  gct.  The  factor  Aec  is  the  crack  opening  strain  under  the  imposed  stress.  The  V zjz.  term 
was  added  to  aid  in  matching  this  equation  to  Eq.  (4).  By  our  definition,  -tp  ranges  from  zero  at  no 
damage  to  1  at  full  damage  and  is  proportional  to  the  number  of  cracks  per  unit  volume  and  the 
crack  radius  cubed.  Equation  (5),  which  is  from  Appendix  A,  has  allowed  us  to  match  both  the 
dR/dN  expression  (2)  and  the  pavement  damage  model  (4). 

As  noted  in  Appendix  B,  we  have  implemented  our  pavement  fatigue  model,  Eq.  (5),  into  a 
constitutive  relation  for  pavement  and  connected  it  to  the  finite  element  code  DYNA3D  for  routine 
simulations  of  pavement  loadings.  (Later  we  also  expect  to  connect  the  rutting  model  with 
DYNA3D.)  Critical  tests  of  the  model  are  determination  of  the  damage  from  a  loading  and 
unloading  process  in  a  one-element  calculation  and  the  representation  of  damage  from  a  rolling 
wheel  in  a  full  three-dimensional  calculation.  These  results  are  presented  in  the  following  figures. 

For  the  one-element  computation,  we  used  the  fatigue  parameters  from  Table  A- 1  in  the 
Appendix  A  and  loaded  the  element  with  a  haver  sine  stress  function: 

0  =  2  °max  (l  -  cos  2 (6) 

where  a  max  ^  die  maximum  imposed  stress,  t  is  time,  and  T  is  the  period  of  the  loading. 
Computations  were  made  for  increasing  values  of  the  initial  radius,  from  0.4  cm  to  1.3  cm,  for 
four  stress  levels  from  0.03  to  1  MPa.  After  each  loading  cycle,  the  total  growth  of  the  radius 
according  to  the  constitutive  fatigue  model,  Eq.  (5),  was  determined  and  plotted  with  a  +  sign  as 
shown  in  Figure  4-1.  Also  Eq.  (2)  was  evaluated  and  the  line  in  the  figure  was  plotted.  Clearly, 
our  constitutive  fatigue  model  accurately  represents  the  standard  fatigue  model 

4.2.1  Demonstration  of  the  Fatigue  Model  in  DYNA3D 

Next  we  developed  a  full  constitutive  relation  for  DYNA3D  by  combining  a  standard 
thermodynamic  Mie-Griineiscn  relation  for  pressure,  a  multiple-plane  plasticity  model  for  deviator 
stresses,  and  the  constitutive  fatigue  model.  The  new  model  is  called  SRI-PAVEMENT.  The 


datiN,  CflACK  GROWTH  IN  EACH  CYCLE  (cm/cyde) 


Figure  4-1.  Comparison  of  Computed  Crack  Growth  from  Constitutive 
Fatigue  Model  with  Standard  da/dN  Fatigue  Model 
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multiple-plane  feature  was  used  so  that  fatigue  crack  growth  could  occur  on  each  of  die  nine  planes 
used  in  die  model  The  arrangement  of  the  planes  is  such  as  to  provide  for  a  nearly  uniform 
orientation  distribution  of  planes.  As  the  damage  develops  on  some  of  the  planes,  the  behavior 
becomes  distinctly  anisotropic  because  the  stiffness  reduces  in  directions  normal  to  the  crack  faces. 

Following  insertion  of  this  new  constitutive  relation  into  DYNA3D,  we  tested  the  combined 
model  to  verify  that  it  could  also  reproduce  the  points  in  Figure  4-1. 

We  then  simulated  the  rolling  of  a  pair  of  wheels  configured  as  a  727  landing  gear  over  a 
concrete  pavement  as  shown  in  Figure  3-1.  The  problem  was  laid  out  with  the  wheels  on  the  right 
side  of  the  pavement  slab  and  moving  toward  the  left  at  a  speed  of  100  mph.  In  the  initial 
configuration,  the  wheels  were  off  die  right  edge  of  the  pavement  The  calculation  was  performed 
to  a  time  of  0.15  s,  at  which  time  the  landing  gear  had  traveled  22  feet  Although  our  calculational 
model  allows  the  load  to  be  applied  via  pressurized  tires,  for  these  calculations  the  load  was  applied 
by  specifying  a  load  footprint  for  each  tire  that  moves  along  the  pavement  surface  at  the  speed  of 
the  landing  gear.  The  loading  footprint  for  each  wheel  was  a  uniform  pressure  of  200  psi  over  a 
rectangular  area  16  inches  long  by  12  inches  wide.  At  the  leading  and  trailing  edges  of  the  wheel, 
the  pressure  was  linearly  decreased  to  zero  over  a  2-inch  length  for  a  total  load  of  86  kips  for  the 
two  wheels.  By  assuming  a  vertical  plane  of  symmetry  through  the  center  of  the  landing  gear,  we 
analyzed  half  of  the  configuration  shown  in  Figure  3- 1. 

The  runway  was  modeled  as  a  single  slab  of  concrete  pavement  over  subgrade.  The 
dimensions  of  the  slab  art  25  x  45  feet  with  a  thickness  of  12  inches.  The  material  constants  for 
the  pavement  are  an  elastic  modulus  of  4.4  x  106  psi,  a  Poisson's  ratio  of  0. 15,  an  unconfined 
compressive  strength  of  2.9  ksi,  and  a  tensile  strength  of 290  psi  The  subgrade  was  modeled  as 
an  elastic  layer  6  feet  thick  with  an  elastic  modulus  of  4.4  x  10s  psi  and  a  Poisson's  ratio  of  0.15. 
We  assumed  that  the  midplane  of  the  pavement  was  pinned  in  the  vertical  direction  and  that  the 
vertical  surfaces  of  the  subgrade  were  transmitting  boundaries,  The  interface  between  the 
pavement  and  subgrade  was  allowed  to  slip  without  friction. 

Figures  4-2(a)  and  (b)  shows  contour  plots  of  the  vertical  stress  in  the  elements  on  the 
upper  surface  of  the  pavement  and  on  the  cut  vertical  surface  at  two  times,  t  -  0.075  and  0.15  s. 
The  view  in  these  figures  is  through  the  vertical  plane  of  symmetry,  so  we  see  into  the  half-wheels 
and  landing  gear.  As  expected,  the  loads  are  greatest  beneath  the  tires.  The  loads  in  the  subgrade 
arc  all  less  than  40  psi  From  the  similarity  of  Figure  4-2  a  and  b.  wc  set  that  there  is  little 
boundary  effect  on  these  vertical  stresses. 
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Figure  4-3  shows  contours  of  tensile  x-stresses  (horizontal  in  the  direction  of  travel,  caused 
by  bending  in  the  pavement)  att  =  0.15  s.  The  maximum  x-stresses  are  about  180  psi  located  on 
the  lower  surface  of  the  pavement  directly  under  the  wheels.  These  stresses  are  high  enough  to 
produce  some  cracking  damage  on  the  vertical  planes.  Higher  tensile  stresses  were  computed  in 
die  z-direction  (horizontal,  nc&mal  to  the  direction  of  travel),  so  the  crack  growth  is  larger  at  the 
base  of  the  slab  on  vertical  planes  along  the  direction  of  motion 

The  contour  plot  in  Figure  4-4  shows  the  accumulation  of  cracking  damage  tp  at  time  t  = 
0.15  s.  This  damage  parameter  represents  the  sum  of  damage  on  all  planes.  The  view  in 
Figure  44  is  looking  up  at  the  lower  surface  of  the  pavement  where  the  damage  is  the  greatest 
The  passage  of  the  first  wheel  causes  an  increment  of  damage  of  about  3  x  10*7  and  the  passage  of 
the  second  wheel  increases  the  damage  to  about  6  x  10-7 

4.2.2  Estimate  of  Fatigue  Life  from  Single  Cycle  Calculation 

Using  the  value  of  6  x  10"7  for  dtF/dN  obtained  from  the  finite  element  calculation,  we  can 
make  an  estimate  of  fatigue  life,  that  is,  the  number  of  loadings  required  to  cause  complete  fracture 
of  some  portion  of  the  pavement  Using  the  other  parameters  in  Table  A-l  of  Appendix  A,  we  can 
determine  da/dN  =  dR/dN  =  3.12  x  10"5  cm/cycle  and  predict  a  lifetime  of  14,700  loadings  from 
Eq.  (32)  of  Appendix  A. 

4.2.3  Calculation  Time 

Our  model  contained  about  8000  dements  and  took  13,100  times  steps.  The  calculation 
required  about  16  hours  CPU  on  a  SUN  SPARC  station  2  with  18  Mbytes  of  memory.  SUN 
representatives  claim  that  the  1992  SPARC  station  will  perform  about  6  times  faster  than  the 
current  model  (about  160  MIPS  compared  to  26  MIPS)  and  expect  that  future  improvements  will 
increase  speed  by  a  factor  of  about  5  to  6  every  year  for  the  foreseeable  future.  This  calculation 
may  have  been  faster  using  the  implicit  code  NIKE3D,  but  we  have  not  yet  implemented  the 
pavement  routine  in  that  code. 

4.2.4  Summary  of  Demonstration  Calculation 

The  preceding  development  verifies  that  our  approach  to  fatigue  life  prediction  can  be 
implemented  and  yields  realistic  values  for  pavement  lifetimes.  Many  aspects  of  the  model  and  its 
use  are  still  in  the  early  stage  of  development,  yet  the  complete  path  from  determination  of 
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Figure  4-3.  Horizontal  Tensile  Stress  Contours  under  the  Landing  Gear 

at  0.15  s. 
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Figure  4-4.  Contours  of  Fatigue  Damage  on  the  Cut  Vertical  Section  anil 
Bottom  Surface  of  the  Concrete  Slab  as  seen  from  under  tho  Slab  at  0.15 

s. 
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properties  to  prediction  of  lifetime  has  been  made.  The  constitutive  fatigue  model  appears  to 
represent  laboratory  and  field  data  acceptably  and  is  based  on  the  known  mechanisms  of  cracking. 
The  model  has  been  incorporated  into  a  three-dimensional  finite  element  code,  and  simulations  of 
aircraft  loading  have  been  made.  A  method  was  developed  to  take  the  damage  from  a  single 
loading  (or  several  loadings)  and  to  predict  the  lifetime  of  the  pavement 
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5.  Rutting  Model 


Rutting  refers  to  the  permanent  deformation  that  gradually  develops  in  asphalt  concrete 
pavements  through  the  repeated  passage  of  tires  over  the  surface.  Many  factors  are  associated  with 
the  ruts,  including  the  combination  of  loading,  thermal  effects,  fatigue  cracking,  and  moisture  in 
the  pavement.  The  ruts  probably  occur  through  the  gradual  massaging  of  the  aggregate  particles 
into  different  configurations.  Rutting  deformation  is  probably  contributed  to  by  the  surface,  base, 
and/or  in  situ  soil  layers.  Very  small  deformations  (microstrains)  during  each  tire  passage  causes 
significant  deformation  after  thousands  or  hundreds  of  thousands  of  loading  cycles.  Our  purpose 
here  was  to  develop  a  constitutive  model  representing  the  material  behavior  that  leads  to  rutting. 
The  model  is  written  as  a  subroutine  for  use  in  finite  element  simulations  so  that  we  can  account  in 
detail  for  the  loading  as  well  as  for  thermal,  fatigue,  and  moisture  effects. 

To  develop  the  material  model,  we  began  by  examining  a  variety  of  laboratory  data  and 
then  constructed  a  model  based  on  these  data.  Here  we  first  review  some  of  these  data, 
emphasizing  those  aspects  of  the  material  behavior  that  lead  to  permanent  deformation.  Then  we 
review  the  available  types  of  material  models  that  can  represent  these  behaviors.  Finally,  we 
propose  a  model  that  matches  well  the  measured  behavior. 


5.1  Data  on  Deformation  of  Asphalt  Concrete 

There  is  a  wealth  of  cbt?  ->n  asphalt  concrete.  Here  we  wish  to  present  only  a  brief  sample 
to  indicate  the  nature  of  the  s>  ress-strain  relations  fear  asphalt  concrete,  especially  those  aspects  that 
may  contribute  to  rutting.  Temperature  and  moisture  effects  are  important  for  determining  the 
response  of  asphalt  concrete,  but  we  have  omitted  these  effects  here  for  simplicity.  In  later  work, 
we  will  account  for  these  effects  by  using  temperature-  and  moisture-dependent  material  properties 

Under  standard  triaxial  compression  testing,  asphalt  concrete  shows  a  strain-rate-dependent 
stiffness.  A  similar  rate  dependence  occurs  under  shear  loading.  This  rate-dependent  deformation 
is  mainly  recoverable,  that  is,  elastic.  Over  the  range  of  strain  rates  from  0.0002/s  to  0.02/s,  there 
is  a  five-fold  increase  in  stiffness. 

When  the  material  is  sheared,  it  expands,  or  if  the  sample  is  confined  axially,  the  axial 
stress  rises.  This  dilatameffea  is  also  strongly  rate  dependent:  there  is  a  five-fold  increase  in  the 
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axial  stress  amplitude  for  a  100-fold  increase  in  the  shear  strain  rate.  Because  of  these  five-fold 
changes,  the  time  dependence  cannot  be  neglected  without  sacrificing  accuracy.  These  data  are 
more  fully  presented  in  Appendix  C. 

In  addition  to  these  viscoelastic  deformations  are  permanent  deformations  that  develop 
gradually  during  cyclic  loading.  The  experimental  data  in  Figure  5-3.  show  how  permanent 
deformation  varies  with  loading  cycle  for  several  stress  levels.  The  inset  shows  the  general  test 
setup  with  a  constant  axial  load  and  a  time-varying  shear  load.  Note  that  the  initial  loading  cycles 
lead  to  larger  increments  of  permanent  deformation  than  later  ones,  yet  there  is  never  a  cessation  of 
permanent  deformation.  If  each  cycle  contributed  the  same  amount,  then  the  curves  would  all  have 
a  slope  of  1  in  the  log-log  plots.  The  amount  of  deformation  depends  on  the  stress  level,  but  not 
linearly  so  (this  fact  is  not  obvious  from  the  graph).  From  our  reviews,  it  appears  that  permanent 
deformation  depends  on  stress  to  the  first  or  second  power. 

We  believe  that  the  permanent  deformation  observed  in  this  shear  test  is  directly  related  to 
the  rutting  deformation  obtained  under  wheel  loads.  Hence,  we  could  see  the  ordinate  in  Figure  9 
as  rut  depth  versus  an  abscissa  of  wheel  load  applications.  When  we  see  it  this  way,  we  can  relate 
a  serious  rut  depth  to  some  amount  of  permanent  deformation,  say  10  percent  Then  we  note  that 
the  curve  for  15  psi  would  strike  the  10  percent  permanent  deformation  level  at  about  100,000 
cycles.  If  we  had  merely  extrapolated  from  the  initial  slope  of  the  curve,  we  would  have  reached 
15,000  cycles,  a  very  poor  estimate.  If  wc  had  assumed  that  the  deformation  is  the  same  on  each 
loading  cycle,  we  would  have  followed  the  line  with  a  slope  of  1  and  predicted  200  cycles.  Hence, 
we  see  that  the  prediction  of  the  number  of  loading  cycles  to  reach  a  critical  rut  depth  is  very 
sensitive  to  the  shape  of  the  curve  of  permanent  deformation  versus  loading  cycles. 

We  realize  that  the  pressure  and  shear  stress  levels  used  in  the  foregoing  studies  are  not 
representative  of  the  levels  of  interest  in  aircraft  pavement;  however,  we  feel  that  the  general 
character  of  the  asphalt  response  is  similar  at  the  higher  stress  levels. 


5.2  Review  of  Possible  Models  for  Rutting  In  Asphalt  Concrete 

The  foregoing  review  of  the  data  in  asphalt  concrete  shows  that  asphalt  exhibits  important 
viscoelastic,  diiatant,  and  permanent  deformation  behavior.  Of  these  three  aspects,  the  permanent 
deformation  is  probably  most  closely  associated  with  rutting.  Here  we  examine  the  range  of  usual 
models  for  materials  to  determine  their  applicability  for  use  on  the  present  problem. 
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Figure  5-1.  Accumulation  of  Permanent  Deformation  as  a  Function  of 
Loading  Cyjle  under  Repetitive  Shear  Stresses  (Axial  Stress  is  5  psi) 
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The  rate-dependent  properties  in  shear  (from  axial  and  shear  loadings)  appear  to  fit  the 
behavior  of  viscoelastic  models.  The  standard  linear  viscoelastic  model  does  not  have  sufficient 
flexibility  to  fit  the  data,  but  a  multiple-variable  version  does,  as  outlined  in  Appendix  D. 

The  dilatant  properties  probably  arise  from  the  relative  motion  of  aggregates  in  the  asphalt 
concrete.  The  data  show  that  axial  stresses  arise  for  applied  shear  stresses  in  either  direction.  The 
behavior  is  unusual  for  three  reasons: 

1 .  Normal  stress  arises  from  shear  stress  for  stress  levels  in  which  the  strains  are 
essentially  My  recoverable;  that  is,  this  is  not  plastic  behavior. 

2.  The  relationship  between  normal  and  shear  stress  is  strongly  viscoelastic. 

3.  The  normal  stress  depends  on  the  magnitude  of  the  shear  stress,  but  not  on  its  direction 
or  sign. 

This  combination  of  behavior  is  very  difficult  to  approximate  with  any  of  the  usual  models.  Here 
we  mention  some  models  that  may  be  applicable  to  some  aspects  of  the  asphalt  response.  Linear 
viscoelastic  models,  such  as  the  multiple-variable  linear  viscoelastic  model  of  Appendix  D, 
describe  the  correct  rate  dependence.  The  dilatant  behavior  can  be  represented  by  a  modification  of 
the  reference  density  for  thermoelastic  surfaces,  a  standard  feature  of  SRI'S  porous  material 
models.  The  relation  of  pressure  to  the  absolute  value  of  shear  presents  a  dilemma:  axial  stress  is 
proportional  to  Ixl  according  to  the  data,  not  to  t2  as  required  by  nonlinear  isotropic  models.  Also 
in  such  isotropic  models,  pressure  must  also  lead  to  shear  stress  according  to  reciprocity,  but  we 
do  not  feel  that  such  a  shear  stress  arises  from  axial  loading.  The  dilemma  is  solved  in  Appendix  C 
by  proposing  that  the  shear-axial  stress  relation  be  exercised  only  on  a  selected  set  of  planes  in  the 
material.  So  the  behavior  is  treated  with  a  multiple-plane  plasticity  model,  but  operates  in  the 
elastic  range.  The  current  magnitude  and  orientation  of  the  shear  stress  is  stored  to  account  for  the 
special  relation  between  axial  stress  and  shear  stress.  This  procedure  appears  to  provide  an 
accurate  mechanism  for  representing  dilatancy  in  asphalt  concrete. 


The  most  important  feature  of  the  behavior  of  asphalt  concrete  for  rotting  is  its  permanent 
deformation  under  shear  stress.  Here  we  review  the  response  of  available  models  to  explore  what 
model  types  could  be  used.  Features  of  especial  importance  here  are  the  stress  dependence  and  the 
tendency  to  build  up  permanent  deformation  under  each  loading  cycle,  but  at  a  decreasing  rate. 

Standard  Mises,  Mohr-Coulomb,  Tresca,  and  cap  models  ore  rate-independent;  hence, 
yielding  occurs  at  a  predetermined  stress  condition.  These  models  have  the  result  that  there  is  no 
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plastic  flow  until  a  critical  stress  is  reached;  then  for  larger  stresses,  the  permanent  deformation  is 
very  large.  Hence  this  model  type  cannot  represent  the  stress-dependence  observed. 


When  work  hardening  is  added  to  these  models,  we  obtain  permanent  deformation  that  can 
depend  in  an  arbitrary  way  on  the  stress  level.  However,  these  models  accumulate  permanent 
deformation  only  on  the  first  cycle:  thereafter,  no  further  yielding  occurs  because  the  yield  curve  is 
no  longer  exceeded.  These  models  would  lead  to  a  horizontal  line  (not  shown)  in  Figure  5-1  at  the 
level  of  the  permanent  deformation  reached  on  the  first  cycle. 


Viscoelastic  models  may  be  able  to  represent  some  features  of  the  permanent  deformation. 
If  we  choose,  for  example,  a  model  with  one  or  more  Maxwell  elements  (a  spring  and  dashpot  in 
series)  in  parallel  (as  in  Figure  D-l  of  Appendix  D,  but  without  the  G0  spring),  then  permanent 
deformation  occurs  on  each  cycle.  For  such  a  model,  the  deformation  is  proportional  to  the  stress 
level:  the  proportionality  is  not  like  that  observed,  but  at  least  there  is  a  stress  dependence.  The 
same  amount  of  deformation  occurs  on  each  loading  cycle,  so  the  predicted  response  is  that  shown 
in  Figure  5-2.  Clearly,  we  can  choose  model  parameters  to  fit  fairly  well  foe  the  first  few  loading 
cycles,  but  the  correspondence  deteriorates  for  later  loading.  This  type  of  model,  while  attractive 
for  representing  the  permanent  deformation,  has  no  static  modulus  and  therefore  must  be  severely 
limited  in  its  ability  to  represent  a  full  range  of  loading  rates  on  the  asphalt  concrete.  Therefore,  we 
have  not  considered  this  type  of  viscoelastic  model  further. 


Viscoelastic  models  such  as  the  multiple-variable  model  in  Appendix  C  have  a  minimum 
modulus  even  at  low  loading  rates.  Therefore,  they  do  not  build  up  any  permanent  deformation 
and  cannot  be  used  to  represent  this  aspect  of  the  behavior  of  asphalt  concrete. 


Crecpand  viscoplastic  modch  rcprescw  another  possible  approach.  The  basic  differential 
equation  for  the  unified  creep-plasticity  model  developed  by  Krieg  [15]  is 


do  d£ 

dr -3G^--3G 


in  which  the  plastic  strain  rate  is  given  by 


(7) 


m 
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Figure  5*2.  Cumulative  Permanent  Deformation  as  a  Function  of  Loading 
Cycle  under  Repetitive  Shear  Stresses  and  Comparisons  with 
Predictions  of  Viscoelastic  Models 
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The  quantities  o  and  e  are  the  equivalent  stress  and  strain,  t  is  time,  G  is  the  shear  modulus,  is 
the  plastic  or  permanent  strain,  and  k  and  n  are  material  constants.  This  type  of  model  represents 
both  creep  and  rate-dependent  yield  behavior  in  metals  and  other  materials.  A  typical  set  of 
response  curves  is  shown  in  Figure  5-3.  The  apparent  yield  level  is 

/dePNi/n 

<9 

where  is  the  steady-state  value,  which  clearly  depends  on  the  strain  rate.  At  stresses  well 

below  yielding,  the  curve  appears  as  a  work-hardening  curve  that  is  strongly  stress  dependent 
The  location  of  the  curve  depends  on  the  loading  rate.  By  adjusting  n  in  Equation  (7),  we  can 
control  the  stress  dependence  of  the  permanent  deformation.  Hence,  many  features  of  this  model 
fit  the  observed  data  However,  in  this  model,  each  loading  to  a  given  stress  provides  the  same 
increment  of  permanent  deformation.  Hence,  again  we  obtain  the  kind  of  results  seen  in 
Figure  5-2. 


5.3  SRI  Rutting  Model 

To  build  a  model  that  can  represent  the  observed  permanent  deformation  behavior  of 
asphalt  concrete,  we  started  with  the  creep-plasticity  model  above,  Wc  recognized  that,  to  match 
the  data,  the  apparent  value  of  k  must  increase  gradually  with  repeated  loading.  We  selected 
residual  deformation  as  our  indicator  to  gradually  alter  the  material’s  acceptance  of  further 
permanent  deformation.  We  incorporated  this  change  in  behavior  through  a  change  in  k  in  the 
model: 


k  »  ko  +  kiep  (10) 

where  ko  and  k]  arc  new  material  constants  with  the  units  of  stress  x  (time)1^.  With  this  form, 
and  the  values  of  0.47  and  100  MPaVs  and  n  =  2,  we  generated  the  curves  for  2  and  15  psi  shown 
in  Figure  54.  Clearly  we  are  only  approximating  the  measured  rate  of  permanent  deformation,  but 
the  match  is  fairly  good. 

The  foregoing  discussion  of  models  shows  the  general  nature  of  the  model  required  to 
represent  the  viscoelastic,  diiatant,  and  permanent deformation  characteristics  of  asphalt  concrete. 
Further  information  on  the  model  we  have  developed  is  given  in  Appendix  C 
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Figure  5-3.  Stresses  from  Constant-Strain-Rate  Loadings  for  the  Unified 
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Figure  5*4.  Cumulative  Permanent  Deformation  as  a  Function  of  Loading 
Cycle  under  Repetitive  Shear  Stresses  and  Comparisons  with 
Predictions  of  the  SRI  Creep-Viscoplastic  Model 


6.  Recommendations 


Because  of  the  feasibility  shown  in  this  initial  project,  we  axe  recommending  continuation 
of  the  effort  to  develop  a  mechanistic  design  procedure  for  pavements.  In  addition  to  the  topics 
dealt  with  in  this  report  are  two  other  concerns:  we  need  a  model  to  treat  the  response  of  the 
granular  subgrade  materials,  and  we  need  to  examine  the  nature  of  the  distress  experienced  in  the 
field.  Below  we  describe  these  two  concerns  and  then  present  detailed  recommendations  for 
improvements  in  each  aspect  of  the  work. 


6.1  Subgrade  Model 

The  porous  granular  materials  that  form  the  subgrade  and  underlying  soils  are  not  well 
represented  by  the  elastic  model  os  other  models  currently  available.  Yet  much  of  the  distress 
observed  may  be  traceable  to  the  behavior  of  these  granular  materials.  As  with  the  pavement 
materials,  we  expect  that  the  response  is  mainly  elastic,  but  with  some  small  component  of  slipping 
between  particles  and  particle  rearrangement  Such  behavior  is  not  created  by  standard  plasticity 
models,  which  are  representing  gross  flow  of  the  material,  as  in  the  failure  of  an  embankment 
Here  in  the  subgrade,  there  must  be  very  small  inelastic  strains  on  each  loading,  which  gradually 
allow  for  excessive  settlement  Such  behavior  must  be  treated  in  our  computational  approach. 

6.2  Field  Observation  of  Distress 

So  far  we  have  emphasized  fatigue  cracking  and  rutting  as  the  primary  distress  factors,  and 
these  are  probably  among  the  dominant  factors  and  certainly  the  factors  that  must  be  treated. 
However,  the  designer  must  handle  a  great  list  of  distress  factors,  and  only  some  of  them  appear  to 
be  associated  with  cracking  and  rutting.  Some  of  these  observed  distress  types  result  from 
combinations  of  cracking,  rutting,  and  settlement  of  the  subgrade.  For  example,  for  what  is 
termed  rutting  (inelastic  deformation  in  the  pavement),  the  settlement  of  the  subgrade  may  initiate 
formation  of  a  groove  in  the  pavement  layer.  The  change  in  geometry  of  the  pavement  leads  to 
cracking  at  the  base  of  the  pavement  This  loss  of  stiffness  due  to  cracking  in  the  pavement  leads 
to  inelastic  deformation  in  the  pavement  layer.  Hence,  all  three  of  these  factors  contribute  u>  m 
observed  distress.  Therefore,  to  make  certain  that  we  are  indeed  treating  the  appropriate  distress 
modes,  we  should  have  a  small  parallel  effort  to  examine  field  distress  conditions.  At  this  stage  the 
examination  can  be  qualitative,  to  evaluate  the  sequence  of  events  and  the  nature  of  die  causes  of 
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distress.  The  effort  could  consist  of  taking  a  few  cores  of  distressed  areas  of  pavements  and 
making  a  few  tests  of  the  cored  materials  in  the  laboratory. 

In  addition  to  the  two  concerns  described  above,  we  recommend  tasks  on  the  following 

topics. 

6.3  Lifetime  Prediction 

A  method  should  be  developed  for  predicting  the  lifetime  of  pavement  materials, 
considering  rutting  and  fatigue  distress,  and  the  method  should  be  verified  through  comparisons 
with  laboratory  data.  The  method  described  in  this  report,  combining  finite  element  simulations 

■  with  analytical  extrapolations,  can  serve  as  a  starting  point.  Where  possible,  the  extrapolations 

should  be  based  on  analytical  treatments  of  the  underlying  mechanisms. 


6.4  Fatigue  Model 

The  present  constitutive  fatigue  model  has  been  developed  to  the  point  of  showing  how  to 
combine  fini  te  element  computations  with  a  detailed  representation  of  damage.  The  next  step 
should  be  to  make  the  model  more  quantitative  by  determining  model  parameters  for  representative 
pavements.  These  determinations  can  be  made  with  both  field  and  laboratory  data.  These  initial 
parameters  can  be  the  first  elements  of  a  data  base  of  fatigue  data  for  regular  use  with  the  finite 
element  calculations  in  routine  design  operations. 


6.5  Rutting  Model 

A  full  three-dimensional  computer  subroutine  should  be  constructed  to  combine  the 
deformation  features  of  asphalt  concrete  that  affect  rutting:  viscoelastic,  dilatant,  and  viscoplastic. 
This  model  should  be  incorporated  into  a  finite  dement  code  such  as  DYNA3D  and  simulations 
made  of  rutting  experiments  under  actual  whed  loads.  These  steps  will  constitute  a  full  verification 
of  our  modeling  approach  arid  our  selection  of  the  shear  test  data  as  representing  the  essential 
material  behavior  that  controls  rutting.  Following  these  steps  are  a  series  of  combined 
experimental  and  computational  steps  to: 
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a.  Determine  the  appropriate  stress  states  for  use  in  the  laboratory  tests  (those  that  most 
closely  approximate  critical  field  conditions). 

b.  Measure  asphalt  properties  over  the  appropriate  loading  rate  ranges. 

c.  Fit  the  rutting  model  parameters  to  the  data. 

d.  Test  and  fit  to  a  variety  of  data  to  establish  a  data  base  of  fitted  model  parameters  and  to 
facilitate  later  determination  of  model  parameters  for  a  new  asphalt  concrete. 


6.6  Model  for  Granular  Subgrade 

A  material  constitutive  model  for  granular  subgrade  materials  should  be  developed  to 
represent  settlement  and  other  inelastic  deformation  that  can  lead  to  pavement  distress.  The  model 
should  emphasize  the  very  small  inelastic  processes  that  occur  in  the  material  at  stresses  well  below 
yield  stress  levels.  This  model  should  then  be  incorporated  into  a  finite  element  code,  and  finite 
element  simulations  should  be  performed  to  verify  the  model  by  comparison  with  laboratory  test 
data. 


6.7  Finite  Element  Code 

The  pre-  and  post-processors  now  connected  with  DYNA3D  and  N1KE3D  are  very 
satisfactory  for  aur  research  work.  However,  we  should  add  routines  to  further  simplify  the 
designer's  task.  For  example,  the  pre-processor  should  permit  the  full  layout  of  the  landing  gear 
from  very  little  input  (aircraft  type  and  loading,  for  example).  Similarly,  the  post-processor  should 
be  amplified  to  provide  the  summary  information  required  by  the  designer  as  well  as  contour  plots, 
such  as  in  Figures  3-1, 4-2  (a)  and  (b),  4-3,  and  4-4,  with  very  little  instruction  from  the  user. 

This  task  includes  the  determination  of  appropriate  boundary  conditions  and  element  sizes  for  static 
and  rolling  loads. 


6.8  Field  Studies 

A  small  field  effort  should  be  undertaken  to  examine  field  distress  conditions  to  determine 
the  sequence  and  importance  of  the  cracking,  inelastic  deformation,  and  other  factors  that 
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contribute  to  the  damage.  These  results  will  aid  in  determining  the  emphasis  of  the  theoretical 
modeling  and  the  laboratory  work. 
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8.  List  of  Symbols 
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=  Poisson’s  ratio 
=  Young's  Modullus 
=  stress 

=  critical  stress  used  in  linear  elastic  fracture  mechanics 
=  radius  of  flaw;  crack  length 
=  critical  fracture  toughness  for  node  I  cracking 
=  critical  J-integral  value  for  node  I  cracking 
=  number  of  cycles 
-  constants 

=  crack  damage  due  to  fatigae 
«  crack  opening  strain 
=  dimensionless  constants 
=  initial  flaw  size,  initial  crack  length 
=  time 

=  period  of  loading  in  Haversine  stress  function 
=  radius  of  crack 
=  plastic  strain 
=  shear  modulus 
=  material  constants 
=  equivalent  strain 
=  equivalent  stess 
=  steady  state  value  of  stress 
=  material  constants 


Constants  in  Appendices 

<t>k  =  orientation  of  crack 

Jk  =  density  of  crack  per  unit  volume 

Rjc  »  radius  of  crack 

Tf  =  constant 

5  s  half  crack  opening 


Vic 
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A£s 
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Lapp 
B,  m 
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L,D,  S 
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Po 
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=  crack  volume 
ss  imposed  change  in  strain 
_  change  in  soid  strain 
=  longitudinal  modulus 
=  bulk  modulud 
ss  shear  modulus 
ss  apparent  secant  modulus 
=  constants 
s=  Pressure 

=s  constants  defining  hydrostatic  pressure-volume  curve 

=  volumetric  strain 
ss  density 
=  initial  density 
s=  Grtineisen  ratio 
ss  internal  energy 
=  dilatant  moduli 

=  spring  and  dashpot  factors  for  nth  Maxwdl  element 
=  initial  density 

ss  density  representing  current  porosity 
»  dilatant  strain 
ss  deviator  stress  tensor 
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9.  Appendix  A 

Theoretical  Development  of  a  Model  for  Fatigue 

A  model  for  fatigue  has  been  developed  to  represent  the  observed  damage  to  pavement 
The  new  fatigue  model  is  constructed  for  use  in  finite  element  codes  as  part  of  the  general 
constitutive  relation  for  pavement  materials.  Thus  it  is  an  adjunct  to  the  usual  determination  of  the 
stress  from  the  strain  at  each  increment  of  loading.  It  differs  markedly  from  earlier  fatigue  models, 
which  were  designed  to  represent  damage  over  a  complete  loading  cycle.  Here,  because  of  the 
nonlinearities  of  the  loading  and  response,  several  loading  increments  may  occur  during  each 
loading  cycle.  Therefore,  the  new  model  was  written  to  treat  the  damage  that  can  occur  during  any 
increment  of  loading. 

Here  we  present  the  usual  forms  for  pavement  damage  results  and  a  proposed  form  for  the 
finite  element  model.  Then  we  derive  a  relation  between  them  such  that  the  finite  element  model 
parameters  can  be  obtained  from  the  pavement  damage  data. 

A.1  Pavement  Damage  Observations 

The  pavement  damage  observations  are  made  by  passing  a  number  of  aircraft  or  tracks  over 
the  pavement  section  and  observing  the  development  of  cracking.  Thus  the  "damage"  here  refers 
to  some  level  of  cracking,  probably  the  presence  of  large  cracks  that  have  grown  from  the  bottom 
of  the  pavement  slab  to  the  top.  Observations  of  this  type  are  then  collected  for  a  range  of  slab 
thicknesses  (different  thicknesses  provide  different  stress  levels  tinder  a  given  wheel  load)  and 
represented  by  an  equation  of  the  form: 


where  N  is  the  number  of  cycles  to  damage,  o  is  the  peak  tensile  stress  at  the  base  of  the  slab 
during  a  loading  cycle,  and  A,  f,  and  n  are  constants.  This  equation,  which  will  be  called  the 
pavement  damage  model,  defines  a  curve  corresponding  to  some  (undefined)  damage  level.  Wc 
could  expect  that  lines  corresponding  to  lesser  damage  would  be  parallel  and  below  this  line; 
hence,  they  would  correspond  with  smaller  A  values. 
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A.2  Growth  of  Fatigue  Damage  in  the  Finite  Element 
Caicuiations 

The  fatigue  damage  is  presumed  to  exist  in  the  material  in  the  form  of  microcracks 
distributed  with  a  range  of  sizes,  locations,  and  orientations.  In  each  orientation  4>kwe  will  have  a 
density  of  cracks  Jk  per  unit  volume.  For  simplicity,  we  will  consider  only  one  crack  size  with 
radius  Rk,  rather  than  a  distribution  of  sizes;  that  is,  we  expect  that  only  the  largest  sizes  will  grow 
and  become  important.  In  the  following  derivation,  we  consider  only  one  orientation  at  a  time  so 
we  drop  the  subscript  k. 

The  level  of  damage  at  any  time  will  be  represented  by  the  quantity  x  defined  as 

tF  =  TFJR3  (A-2) 

where  Tf  is  a  constant  on  the  order  of  1 ,  J  is  the  number  of  cracks  per  unit  volume,  and  R  is  the 
crack  radius.  In  other  works  on  fracture,1  we  have  found  that,  with  this  definition,  x  is 
proportional  to  the  fragmented  fraction  of  the  solid.  Thus  we  define  TF  such  that  x  =  1  means  full 
fragmentation.  On  this  scale,  x  =  0.001  is  barely  observable  damage  and  t  =  0.1  is  serious 
damage. 

When  a  tensile  loading  is  applied,  the  cracks  open  in  proportion  to  the  stress  normal  to  their 
plane.  Tire  opening  displacement  and  volume  arc 

6  » Rcr  (half  crack  opening)  (A-3) 

V  ic  R%  (crack  volume)  (A-4) 

where  E  and  v  are  Young's  modulus  and  Poisson's  ratio,  R  is  the  crack  radius,  and  o  is  the  stress 
normal  to  the  plane  of  the  crack.  The  crack  opening  strain  is  defined  as  the  sum  of  the  crack 
volumes  for  all  the  cracks: 

ec  =  — '  JR3CT  =  Ytq  (A-5) 


where 


*D.  R.  Curran,  L.  Seaman,  and  D,  A.  Shockey,  “Dynamic  Failure  of  Solids,"  Physics  Reports  147, 253-388 
(March  1987). 
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t  =  JR.3  and Tc  = 


(A -6) 


If  the  applied  tensile  stress  exceeds  the  critical  stress  corresponding  to  Kfc,  the  crack  grows 
to  a  new  equilibrium  size.  This  critical  stress  for  a  penny-shaped  crack  is 

Ccrs::^2£'‘^|‘”  (A-7) 

where  Kfc  is  the  fracture  toughness  from  linear  elastic  fracture  mechanics.  Then  the  crack  grows  to 
the  point  at  which  the  imposed  Ae  is  fully  taken  by  the  change  in  solid  strain  Aes  and  the  change  in 
crack  opening  strain  Acc.  That  is, 

Ae  =  Aes  +  A£c  (A-8) 


The  change  in  solid  strain  is  determined  by  the  longitudinal  modulus  L =K  +  4G/3  (K  and  G  are 
the  bulk  and  shear  modluli): 
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(A-9) 


where  Ao  is  the  change  in  the  normal  stress  from  the  previous  state  (A- 1)  to  the  current  state  (A- 
2).  The  crack  opening  strain  for  J  cracks  pa  unit  volume  is  derived  using  the  volume  of  a  single 
crack  in  Eq.  (A-4). 

Aec  RjOi)  (A- 10) 

The  combination  of  Eqs.  (A-7)  through  (A- 10)  provides  the  means  for  determining  the  new  stress 
02  and  the  new  crack  size  R2. 


The  apparent  secant  modulus  Lapp  is  obtained  from  the  ratio  02/£2- 


The  preceding  relrtions  all  represent  standard  procedures. 


(A-ll) 
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Now  we  present  a  relation  for  the  fatigue  growth  process.  The  cracks  grow  while  the 
normal  stress  is  tensile  yet  below  the  critical  stress  level  for  rapid  growth.  We  assume  that  inelastic 
strains  are  occurring  at  the  crack  tip  at  all  stress  levels.  During  repeated  loadings,  these  inelastic 
strains  lead  to  gradual  growth  of  the  crack  during  each  loading  cycle.  A  general  discussion  of  such 
mechanisms  in  metals  and  ceramics  has  been  given  by  Ritchie.2  The  growth  expression  must  be 
appropriate  for  the  finite  element  situation  in  which  the  strain  (or  stress)  is  being  imposed  in  small 
increments  so  that  even  a  single  loading  cycle  might  be  imposed  in  ten  or  more  steps.  Hence,  the 
expression  should  contain  a  term  related  to  the  strain  increment  size  Ae  or  Aec.  The  growth  also 
increases  in  relation  to  the  stress  level  o.  In  addition,  we  want  an  expression  that  will  be  integrable 
later.  Therefore,  we  propose  the  following  form  for  the  increase  in  crack  damage  xp  in  the 
constitutive  fatigue  model: 

AlF  =  gAec^f^|  (A-12) 

where  g  and  p  are  dimensionless  constants  and  Ocr  is  from  Eq.  (A-7).  The  4RJR  term  was  added 
to  aid  in  matching  this  equation  to  Eq.  (A-l)  later.  By  using  Eq.  (A-2),  wc  can  relate  the  growth  of 
damage  tf  to  the  increase  in  the  crack  radius  R: 


dR 


dtp  dR  dtp 

3Tf  JR2  R  3tp 


Therefore, 

(A-l3) 

Expression  (A- 1 3)  is  suitable  for  incorporation  into  a  constitutive  model  for  use  in  a  finite  clement 
code.  Then  at  each  cycle,  the  cracks  in  tensile  orientations  are  grown  by  a  small  amount 
proportional  to  the  loading  increment 

The  next  step  is  to  relate  the  parameters  in  Eq.  (A- 13)  to  those  in  Eq.  (A-l)  representing  the 
observations  of  pavement  damage. 


2R.  O.  Ritchie,  "Mechanisms  of  Fatigue  Crack  Propagation  in  Metals,  Ceramics,  and  Composites:  Role  of  Crack 
Tip  Shielding,"  Materials  Science  and  Engineering  A 103, 15-28  (1988). 
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A.3  Relating  the  Fatigue  Mode!  to  Observed  Damage 


To  relate  the  fatigue  crack  growth  process  to  the  observed  pavement  damage,  we  introduce 
an  alternative  and  commonly  used  fatigue  damage  equation.  This  equation  is  intermediate  between 
die  pavement  damage  and  constitutive  models  in  its  level  of  detail  about  the  fracture  process. 
Therefore,  we  can  relate  this  standardfatigue  model  to  both  the  pavement  relation  and  to  the 
constitutive  model. 


Here  B  and  m  arc  constants,  Kic  is  the  fracture  toughness,  and  Xi  is  the  stress  intensity  factor 
according  to  linear  elastic  fracture  mechanics.  Then  Ki  is  related  to  the  stress  on  a  penny-shaped 
crackby 


K‘=wir 


(A-15) 


Equation  (A-14)  gives  much  more  detailed  information  than  Eq.  (A-l)  about  die  fatigue  process 
because  it  relates  the  crack  growth  during  a  single  cycle  to  the  peak  stress  intensity  during  that 
loading  cycle. 


Our  next  step  is  to  relate  Eq.  (A-14)  to  die  pavement  damage  equation,  (A-l).  To  do  this, 
we  replace  Ki  in  (A-14)  with  its  expression  from  Eq.  (A-15).  Then 

(A-i6) 

or 


0«dN 


(A-l?) 


Wc  wish  to  integrate  Eq.  (A-17)  from  N  « 1  to  the  cycle  at  which  the  cracks  grew  catastrophically. 
This  limit  occurs  when  the  crack  radius  reaches  Ra,  which  is  given  either  by  Kj  **  (Eq.  A-7) 

(A-18) 

or  when  tp  reaches  1  in  Eq.  (A-2): 
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Rm2  - 


1 


fop 


(A-19) 


Then  we  integrate  Eq.  (A- 17)  from  the  initial  crack  size  Ro  to  Rm  and  obtain 


m 


JVj,. 


[r^-r'o-”'2] 


\2  )  Bom(l  -  m/2) 

By  comparing  Eq.  (A-20)  with  Eq.  (A-l),  we  see  that 


(A-20) 


m  =  n 


and 


i.-m 

B(1  -  m/2)fm 


(A-21) 


Thus,  when  we  know  Kjc  and  J,  we  can  determine  m  and  B  in  Eq.  (A-14)  from  the  pavement 
damage  relation,  Eq.  (A-l). 

To  relate  die  constitutive  fatigue  equation  (A- 12)  to  Eq.  (A- 14),  wc  replace  dec  by  an 
expression  in  t,  using  Eq.  (A-2)  and  an  approximation  toEq.  (A*  10). 

Aec  jr3  Ac  (A-22) 


Combining  this  expression  with  Eq.  (A- 12),  we  obtain 


a  SP  .  3dR 

GO  S3— g— 


(A-23) 


Let  us  now  integrate  Eq.  (A-23)  over  half  a  loading  cycle  from  a  stress  of  zero  to  o®.  We 


obtain 


(A-24) 


To  understand  this  equation,  we  rewrite  Ocr  using  Eq.  (A-7)  and  change  the  left-hand  term  as 
follows: 


20/R - 'J1Q  =  2  R  ~ 


(A-25) 
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W: e  aiso  doable  the  result  to  account  for  the  rest  of  the  loading  cycle  from  the  peak  stress  Om  down 
to  zero.  Then  Eq.  (A-24)  takes  the  form: 


*D  r,6Tc>nR0Kk  f  a_f-1  _  dR 
3TF  E  (p  +  1)  (aj  dN 


(A-26) 


Because  of  the  similarity  of  Eqs.  (A-7)  and  (A-15),  we  can  equate  the  stress  and  K  factors 


JL-ik 

Ocr  Kic 


(A-27) 


Therefore,  we  can  now  compare  the  fatigue  equation  (A- 14)  with  Eq.  (A-26)  and  determine  the 
controlling  factors.  Evidently,  m  =  n  =  l.and 


3TpE(p  +  l) 


(A-28) 


The  final  step  is  to  relate  the  m  the  constitutive  model  to  those  m  die  pavement 
damage  relation.  W?.  can  feta  this  relation  using  Eqs,  {,4-21}  and  (A-28). 


gs 


3a  E  Tp  KnjT 


)  Af^s&oCl  -  »/2) 


(A-29) 


Tints  it  spears  that  we  cat  form  a  direct  relationship  between  the  parameters  of  the 
constitutive  fatigue  relation  and  the  pavement  damage  relation.  In  developing  this  relation,  we 
presume  that  we  can  obtain  values  for  K&,  1,  B,  v,  Tp,  and  R#. 

We  may  recast  the  lifetime  prediction  equation  to  a  form  that  k  convenient  when  we  know 
dR/dN.  Both  laboratory  tests  and  finite  element  calculations  could  naturally  lead  to  values  of 
dR/dN.  For  this  derivation  we  start  with  Eq.  (A- 16)  a  modified  form  of  the  standard  fatigue 
model.  Wc  rearrange  it  as  follows,  using  m  =  n: 


■&)' 


(A-30) 


Only  R  and  N  vary  here  because  B.Kjc,  and  n  are  material  constants  and  o  is  the  peak  stress 
during  the  loading  cycle.  We  integrate  Eq.  (A-30)  to  obtain 


N2  =  Nl  +  >(K^i)"_L_[R>^.R*^] 


CA-31) 


499 


Next  we  replace  B  by  its  value  from  Eq.  (A-16),  using  the  quantities  at  the  beginning  of  the 
interval: 


N2  "  Nl  +  (dR/dN)i  1  -n#^  ^ 

=  Nl  +  (l- n/2)(dR/dN)i  [R2(tf)  ~Rl] 


(A-32) 


With  this  equation  we  can  predict  the  number  of  loading  cycles  N2  required  to  reach  a  crack  radius 
of  R2-  The  only  information  required  is  the  material  parameters  n,  the  crack  radius  Ri,  and  the 
rate  (dR/dN)i. 


A .4  Testing  and  Demonstrations  of  the  Model 

To  test  and  verify  the  proposed  constitutive  model,  we  wrote  a  small  code  to  exhibit 
Eq.  (A-13)  and  wrote  a  full  constitutive  model  and  inserted  it  into  a  finite  element  code.  Our 
calculations  then  showed  that  the  same  results  were  obtained  by  the  constitutive  fatigue  model,  the 
standard  fatigue  model,  and  the  pavement  fatigue  model. 

As  a  first  step,  the  small  code  (FATIG1)  was  written  to  contain  the  constitutive  model  and  perform 
simulations  over  a  few  loading  cycles.  For  these  tests  it  was  necessary  to  assume  a  set  of 
parameters  for  all  the  models:  these  are  listed  in  Table  A-l.  These  parameter  values  were  taken 
from  a  mixture  of  sources.  The  A,  n,  and  f  factors  are  a  report  by  the  Center  for  Transportation 
Research  of  the  University  of  Texas.3  Kic,  J,  Ro*  and  Tp  are  from  a  recent  paper  by  Gian  et  al.  on 
high  rate  fracture.4  Many  of  the  parameters  used  for  the  constitutive  fatigue  model  are  not  required 
for  the  other'  models,  as  noted  in  the  table.  Most  of  these  constitutive  fatigue  parameters  can  be 
determined  from  pavement  fatigue  data. 


3 A.  Taute,  B.  F.  McCullough,  and  W.  R.  Hudson,  "Improvements  to  the  Materials  Characterization  and  Fatigue 
Life  Prediction  Methods  of  the  Texas  Rigid  Pavement  Overlay  Design  Procedure,"  Chapter  5  of  Report  249-1 , 
Center  for  Transportation  Research,  University  of  Texas  (March  1981). 

4J.  K.  Gran,  L.  Seaman,  and  Y.  M.  Gupta.  "Experimental  and  Analytical  Investigation  of  Tensile  Failure  in 
Concrete  by  Spallation,"  submitted  to/.  Eng.  Mech.,  ASCE  (1991). 


Table  A-1.  Parameters  for  the  Concrete  Fatigue  Models 


Symbol 

Name  of  Parameter 

Value 

Source 

—  Pavement  Model  — 

A 

Pavement  fatigue  coefficient 

46000 

Pavement  data 

f 

Stress  factor 

4,8  MPa 

Pavement  data 

n 

Stress  exponent 

3 

Pavement  data 

—  Standard  Mode!  — 

B 

Fatigue  coefficient 

Derived,  cm 

Lab  data 

m 

Stress  intensity  exponent 

=  n 

Lab  data 

—  Constitutive  Model  - 

K|C 

i 

Fracture  toughness 

i — : - - 

2.0  MPa  Van 

Lab  data 

Tf 

Fragmentation  factor 

4 

Fit  to  pavement  data 

Bo 

initial  crack  radius 

0.4  cm 

Aggregate  size 

g 

Growth  coefiicient 

0.017 

Fit  to  pavement  data 

j 

Crack  density 

0.01  No7cm3 

Fit  to  pavement  data 

b 

Stress  exjxment  for  growth 

=  n-t 

Pavement  Lata 
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FAUGl  acts  like  a  constitutive  relation  for  a  finite  element  code  in  that  it  accepts  strain 
increments  and  provides  stresses  and  damage.  The  loading  was  applied  as  a  sinusoid  in  time,  with 
strain  increments  intended  to  provide  stresses  ranging  from  zero  to  a  max.  Each  loading  cycle  was 
discretized  into  10  strain  increments.  After  several  loading  cycles,  an  average  value  of  dR/dN  was 
obtained  for  a  cycle.  Computations  were  made  for  several  stress  levels  to  represent  a  range  of 
loadings.  To  perform  simulations  that  would  represent  the  fatigue  process  at  later  times,  we  started 
some  test  series  with  the  cracks  at  an  initial  radius  of  0.6, 0.8, 1.0  cm,  etc.  (but  the  Rq  value  was 
always  0.4  cm).  In  this  way  we  established  dR/dN  values  for  a  range  of  radii  and  also  for 
different  a/acr  values.  The  results  of  these  computations  are  shown  in  Figure  A-l.  Besides  the 
dR/dN  values  from  the  consitutive  model,  there  are  results  from  Eq.  A-14,  the  standard  fatigue 
model.  The  comparison  is  essentially  exact.  Thus  it  appears  that  we  have  developed  a  constitutive 
model  for  fatigue  and  :ha  it  can  run  in  a  finite  element  code.  Also  the  fatigue  damage  calculations 
are  is  a  form  that  can  be  readily  extended  to  predict  lifetimes. 
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Figure  A-i.  Comparison  of  Computed  Crack  Growth  from  Constitutive 
Fatigue  Model  with  Standard  da/dN  Fatigue  Model 
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10.  Appendix  B 


Implementation  of  the  Fatigue  Modei  in  a 
Computational  Subroutine 

The  complete  constitutive  relation  combines  the  fatigue  cracking  processes  of  Appendix  A 
with  a  standard  stress-strain  relation  for  the  undamaged  material  between  the  cracks.  Thus,  the 
material  appears  as  a  two-phase  composite:  the  intact,  isotropic  material  plus  the  cracks,  which 
have  the  fatigue  equations  governing  their  appearance  and  growth.  The  current  model,  termed 
SRI-PAVEMENT,  was  constructed  by  adding  the  cracking  processes  onto  the  planes  of  a  multiple- 
plane  plasticity  model  called  SHEAR3D.  Below  we  first  describe  general  requirements  for  any 
computer  subroutine  that  contains  a  material  model;  these  requirements  provide  the  framework 
within  which  we  generate  our  pavement  model  Then  we  proceed  with  the  specific  foimulation  of 
SRI-PAVEMENT  by  outlining  the  stress-strain  relations  for  the  matrix  material  and  describing  the 
special  procedures  required  to  account  for  die  anisotropy  associated  with  both  plastic  flow  and 
cracking. 

The  subroutine  containing  the  pavement  model  performs  certain  well -prescribed  functions 
during  a  finite  clement  simulation.  For  each  time  step  during  the  calculation  and  for  each  element, 
die  material  model  is  called  by  the  main  program  (DYNA3D  here).  DYNA3D  provides  the  material 
model  with  a  strain  increment  tensor,  the  old  stress  tensor  from  the  previous  time  step,  internal 
energy,  and  a  complete  description  of  the  prior  state  of  the  material  (such  quantities  as  the  amount 
of  crack  damage,  orientations  of  the  damage).  The  material  model  updates  the  damage  and  other 
state  quantities  and  provides  the  new  stress  tensor  for  DYNA3D.  Below  we  outline  the  processes 
that  must  occur  on  each  computational  time  step  for  each  element. 


B.1  Pressure-Volume  Relation 


The  intact  material  is  assumed  to  be  isotropic;  hence,  its  pressure-volume  and  dcviatoric 
stress  relations  can  be  treated  separately.  The  pressure- volume  (thermodynamic)  equation  used 
here  is  the  Mie-GrUneisen  equation: 


p = (c*i  +  Dp2  +  _  L  r  p j + prE 


(B-l) 


505 


where  P  is  the  pressure;  C,  D,  and  S  are  constants  defining  the  hydrostatic  pressure-volume  curve; 
p  =  p/po  is  the  volumetric  strain;  p  and  pQ  are  the  density  at  the  present  time  and  the  initial  density; 
r  is  the  Griineisen  ratio  (a  dimensionless  constant  with  values  of  about  2);  and  E  is  the  internal 
energy  referenced  to  zero  at  the  initial  state.  With  this  formulation,  the  pressure  changes  both  for 
changes  in  the  specific  volume  (volumetric  strain)  and  for  changes  in  the  internal  energy  (or 
temperature). 


B.2  Multiple-plane  Procedure  for  Deviator  Stresses 

The  deviatoric  stress  tensor  is  computed  from  an  elastic  relation  with  a  Tresca  plasticity 
process.  The  plastic  flow  is  treated  on  the  discrete  planes  of  the  multiple-plane  model.  These 
planes  are  illustrated  in  Figure  B-l  in  their  usual  orientation.  There  are  nine  planes  oriented  to  give 
an  approximately  isotropic  behavior.  Three  planes  are  normal  to  the  three  coordinate  directions  and 
six  are  at  45  degrees  between  these  directions.  The  planes  have  orientations,  but  no  specific 
locations  within  a  computational  element,  so  there  is  no  direct  geometric  interaction  between  the 
planes.  All  plastic  flow  is  assumed  to  occur  on  these  planes,  not  homogeneously  throughout  the 
material  as  in  a  Mises  plasticity  model,  for  example. 

During  the  stress  computation  process  for  an  element,  we  undertake  the  following  steps: 

a.  From  the  imposed  strain  increments  (Ae]  and  the  old  stress  state  [aQ].  we  compute  the 
new  stress  state  [aN],  treating  the  strain  increments  as  elastic.  Hence,  this  is  a  standard 
linear  elastic  procedure, 

b.  Wc  transform  the  new  stresses  to  normal  (On)  and  shear  stresses  (t  i  and  *2)  on  each  cf 
the  nine  planes. 

c.  The  current  yield  strength  is  determined  on  each  of  the  planes.  A  nonlinear,  tabular 
work-hardening  and  thermal  softening  process  is  provided. 

d .  Wc  compute  the  plastic  shear  strains  on  each  of  the  planes,  using  a  stress-relaxation 
algorithm. 

c.  From  the  known  plastic  strains  on  each  plane,  wc  compute  the  plastic  strain  increment 
tensor  (Ae*). 

f.  We  recompute  the  stress  tensor  (o),  taking  the  clastic  strain  increments  as  me  imposed 
strain  increments  minus  the  plastic  strain  increments  [Ae]  -  [Aep]. 
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Figure  8-1.  Relative  Locations  of  the  Initial  Orientations  of  the  Fatigue 
Damage  Planes  with  Respect  to  the  Coordinate  Directions 
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The  foregoing  procedure  would  be  a  complete  solution  in  the  standard  isotropic  treatment  of  stress 
relaxation.  However,  in  the  current  context  there  are  many  planes  that  may  absorb  plastic  strain 
independently.  These  multiple  planes  interact  such  that  they  may  absorb  too  much  plastic  strain  (so 
the  elastic  strain  is  misrepresented)  or  absorb  too  little.  To  provide  for  this  interaction  of  the 
planes,  we  proceed  through  the  foregoing  steps  many  times  and  allow  for  only  a  small  amount  of 
stress  relaxation  on  any  step.  The  iteration  and  convergence  procedure  used  is  designed  to  provide 
for  high  fidelity  to  the  intended  stress-strain  relations  and  also  to  provide  relatively  rapid  solution 
even  for  large  strain  increments. 

After  the  computation  of  the  new  stress  state,  we  update  the  orientations  of  the  planes.  The 
orientation  of  each  plane  is  given  by  0,  the  angle  from  the  X-direction  in  the  X-Y  plane,  and  <}>,  the 
angle  from  the  Z-direction  toward  the  X-Y  plane.  Rigid  body  rotation  and  shearing  cause  changes 
in  these  angles. 


B,3  Incorporation  of  the  Fatigue  Cracking  Process 

Fatigue  cracks  and  the  fatigue  cracking  processes  occur  on  all  the  planes  of  the  model. 
During  initialization  of  the  material  model,  each  plane  is  given  its  orientation  and  initial  size 
distribution  of  flaws.  The  main  program  provides  for  about  65  extra  variables  for  each  element  to 
store  the  special  information  required  on  the  cracking  processes. 

At  each  time  step  normal  and  shearing  stresses  arc  computed  for  each  of  the  planes  (as 
noted  in  the  second  step  above).  When  the  normal  stress  is  tensile  on  a  plane,  crack  opening  and 
shearing  computations  are  made  according  to  Eq.  (A-5)  of  Appendix  A.  These  crack  strains  arc 
accounted  for  in  determining  the  stress  state.  Then  crack  growth  computations  arc  made  for  each 
plane,  following  Eq.  (A- 13)  of  Appendix  A. 


B.4  Plan  of  the  SRI-PAVEMENT  Subroutine  and  the  Connection 
to  DYNA3D 

SRI-PAVEMENT  was  designed  as  a  standard  material  model  for  use  in  DYNA3D; 
however,  it  imposed  some  special  requirements.  DYNA3D  stores  all  its  variables  in  large 
COMMON  arrays  and  SRI-PAVEMENT  passes  all  variables  through  the  CALL  statement  and  has 
no  COMMON.  To  account  for  this  difference  in  basic  storage  strategy,  a  special  DYNA3D 
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routine,  F3DM60,  was  written  to  call  SRI-PAVHMENT  and  make  the  storage  transfers.  The 
normal  amount  of  element  variable  storage  was  extended  to  permit  the  large  amount  of  special 
variables  used  with  SRI-PAVEMENT.  The  connection  to  DYNA3D  was  made  in  such  a  way  that 
all  the  variables  are  available  for  plotting  by  the  post-processor.  No  attempt  was  made  to  vectorize 
SRI-PAVEMENT  and  we  have  not  yet  attempted  to  provide  for  restarting,  but  we  have  planned  for 
that  possibility. 

SRI-PAVEMENT  consists  of  one  main  subroutine  and  an  auxiliary  subroutine  RESOLV. 
RESOLV  is  called  at  several  points  in  SRI-PAVEMENT  to  transform  the  stress  tensor  to  determine 
the  normal  and  shearing  stresses  on  each  plane  and  to  construct  the  plastic  strain  tensor  from  the 
plastic  deformations  on  each  plane. 

Because  of  the  complexity  of  the  multiple-plane  plasticity  model,  a  large  testing  program 
was  undertaken  to  verify  its  operations.  First,  we  performed  one-element  computations.  We 
imposed  shears  or  rotations  and  monitored  the  rotations  of  the  planes  as  computed  by  the  model. 
These  tests  were  imposed  in  several  orientations  and  verified  that  appropriate  symmetry  in  the  X-, 
Y-,  and  Z-directions  resulted.  Then  we  applied  uniaxial  loading  and  unloading  and  verified  that  the 
computed  normals  and  shears  were  correct  on  each  plane  and  that  the  overall  stress  tensor  was 
correct.  We  performed  calculations  with  the  model  to  match  simulations  that  had  previously  been 
made  with  a  two-dimensional  version  of  the  model  and  these  agreed  satisfactorily. 

Following  verification  of  the  model  in  a  one-clement  mode,  we  inserted  SRI-PAVEMENT 
into  DYNA3D.  A  new  debugging  procedure  was  inserted  into  all  the  subroutines  so  that  wc  can 
monitor  desired  variables  during  a  normal  computation.  We  transformed  to  single  precision  (32- 
bit,  to  match  the  DYNA  format),  which  required  a  special  effort  because  some  of  the  processes  in 
SRI-PAVEMENT  arc  very  sensitive  to  the  precision  employed.  Finally,  we  tested  SRI- 
PAVEMENT  in  DYNA3D  by  simulating  a  fatigue  test  computation  and  comparing  the  result  with 
an  evaluation  using  the  standard  dR/dN  fatigue  model. 

In  all  these  tests  the  pavement  fatigue  model  performed  accurately,  so  it  appears  to  be 
ready  for  pavement  simulations. 
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1 1 .  Appendix  C 

A  Model  for  Rutting  of  Airport  Pavements 

A  preliminary  model  for  the  rutting  process  in  airport  pavements  has  been  developed  based 
primarily  on  the  data  of  Monismith  et  al.1  and  Sousa2  on  selected  asphalt  concretes.  Here  we 
outline  the  data  avJlable,  the  requirements  that  they  make  for  a  model,  and  the  nature  of  the  model 
proposed.  Then  we  begin  to  exercise  the  model  to  exhibit  its  characteristics  and  indicate  to  what 
extent  the  model  matches  the  asphalt  data. 

C.1  Data  on  Rutting 

Asphalt  concrete  appears  to  have  a  very  complex  response  to  loading  so  that  even  the 
development  of  a  first-order  model  is  difficult  Because  of  the  complexity  of  the  material, 
traditional  tests  are  often  not  sufficient  to  delineate  the  important  response  characteristics.  New 
types  of  tests  are  being  developed  at  the  Institute  of  Transportation  Studies  in  Berkeley  under  the 
general  direction  of  C  L.  Monismith.  The  results  of  these  tests  are  making  it  possibb  to  generate  a 
model  that  ctu  describe  much  of  the  special  behavior  of  asphalt  concrete. 

Some  of  the  special  features  of  the  data  provided  by  Monismith  et  aL  1  and  Sousa^  are: 

a.  Axial  Loading  (unconfined  compression  tests).  Triaxial  tests  with  stresses  to  about 
8S  psi  (0.6  MPa)  were  conducted  at  loading  rates  of  0.02/s,  0.002/s,  and  0.0002/s. 
These  data  are  given  in  Figure  66,  page  1 17  of  Ref.  1.  Here  in  Figure  C-l  they  are 
rcplotted  as  axial  stress  versus  axial  strain  for  our  convenience  in  understanding  the 
data.  The  resulting  Young's  moduli  were  263, 105,  and  48  MPa  and  the  shear  moduli 
(G  *»  E/3)  were  88, 35,  and  16  MPa.  These  results  indicate  a  viscoelastic  type  of 
behavior. 


1  C.  L.  Monismith,  R.  G.  Hicks,  and  F.  N.  Finn,  Tcrformancc  Related  Testing  and  Measuring  of  Asphalt* 
Aggregate  Interactions  and  Mixtures,  '  Quarterly  Report  QR-UCB- A-003 A-9 1  - 1  of  the  Institute  of 
Transportation  Studies,  Asphalt  Research  Program,  University  of  California  at  Berkeley.  Richmond,  C.  ifomia 
94804  (April  1991). 

2  Jorge  Sousa,  U.  C.  Berkeley,  private  communication  to  L.  Seaman  at  SRI,  April  1991. 
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Figure  C-1.  Axial  Stress-Strain  Curves  from  Triaxial  Tests  at  Three 
Loading  Rates  on  Asphalt  Pavement.  From  Monismith  et  alM  page  117. 
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b .  Axial  stress  developed  under  shear  strain.  Shear  strain  was  imposed  on 
cylindrical  specimens  with  a  constrained  height  for  strain  rates  of  0.02/s,  0.002/s,  and 
0.0002/s.  We  have  replotted  this  graph  from  the  data  in  Figure  C-2,  page  1 17  of  Ref. 
1,  using  axial  stress  in  MPa  and  shear  strain  (instead  of  strain  squared)  to  assist  our 
intuition  in  understanding  the  phenomena  (Figure  C-2).  The  resulting  dilatant  moduli 
(Djs)  were  69.0  MPa,  23.0  MPa,  and  1 1.0  MPa.  The  plot  of  axial  stress  versus  shear 
stress  (page  62  of  Ref.  1,  and  Figure  C-3  here)  shows  a  very  large  hysteresis  loop, 
indicating  rate-dependent  processes  in  the  shearing  behavior,  in  dilatancy,  or  in  both. 

c.  Permanent  deformation  as  a  function  of  time  or  cycles.  The  permanent 
axial  strain  appears  to  grow  as  the  square  root  of  the  number  of  cycles,  with  a  strong 
dependence  on  the  mix  and  the  void  content,  (page  51  of  Ref.  1,  and  Figure  C-4  here). 
This  measurement  of  permanent  deformation  may  be  the  roost  significant  for  rutting 
because  it,  like  rutting,  refers  to  a  permanent  change  in  the  material  state,  not  a  transient 
one. 

d.  Creep  Modulus.  The  creep  modulus  (o/s)  as  a  function  of  tune  appears  to  decrease 
as  the  square  root  of  time.  The  rates  depend  on  the  mix  and  void  content  (page  55  of 
Ref.  1). 

Wc  can  summarize  these  requirements  under  three  headings: 

1 .  Viscoplasticity,  or  time-dependent  permanent  deformation.  This  aspect  especially  leads 
to  the  observed  rutting. 

2.  Viscoclasuaty,  or  time-dependent  stiffness.  The  variation  of  stiffness  with  loading  rate 
is  very  significant  and  must  be  included  in  the  modeling. 

3.  Dilatancy,  or  increase  in  pressure  with  shearing  strain.  The  stresses  associated  with 
dilatancy  arc  comparable  to  those  from  other  sources. 

All  three  aspects  of  the  dam  are  represented  in  the  proposed  model 

C.2  Model  Development 

We  propose  an  isotropic  model  for  the  asphalt  concrete,  which  would  separate  the 
dcviatoric  and  volumetric  responses  of  the  material  The  deviatoric  stresses  in  the  model  arc 
affected  by  both  viscoelastic  and  viscoplastic  behavior,  and  the  pressure  is  provided  by  dilatant  and 
viscoelastic  behavior. 
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Figure  C-2.  Development  of  Axial  Stress  During  Shear  Tests  on  Axially 
Confined  Shear  Samples  of  Asphalt  Pavement.  From  Monismith  et 

alM  page  117. 


*30 


•20 


•10  0 

SHEAR  STRESS 


20 


30  kPa 


~r- 

10 


CAM-1MC-W 


Figure  C-3.  Variation  of  the  Axial  Stress  with  Shear  Stress  for  an 
Asphalt  Concrete  Mixture  under  Cyclic  Shear  Load  with  Axial 
Confinement.  From  Monismith  et  at.,  page  62. 


C.2.1  Deviator  Stress  Model 

For  the  computation  of  the  deviator  stresses,  we  propose  the  following  standard  relation: 
f=3G(t{f-d-^]  +  H(0  (C-l) 

where  G  and  H  arc  time-varying  functions  derived  from  viscoelasticity,  de/dt  is  the  imposed  strain 
rate,  and  defydt  ic  the  plastic  strain  rate.  Here  we  are  using  a  and  e  as  the  equivalent  stress  and 
strain.  We  plan  to  use  the  multiple-variable  linear  viscoelastic  model  described  in  Appendix  D  to 
represent  the  viscoelastic  behavior.  In  this  case  we  derive  Eq.  (C-l)  by  differentiating  Eq.  (D-30) 
of  Appendix  D  with  respect  to  time  and  recognize  that  the  strain  rate  in  that  appendix  is  the  elastic 
strain  rate,  de^/dt  =  de/dt  -  de^ /dt.  Then  the  G  and  H  functions  are 


I 


G(t)  =  G0  +  ^Gm  e 
m=l 


(C-2) 


and 


H(t)  - 


S' 

m=l 


rt  Qne~GinA^  a 
?m"  4m  ‘ 


(C-3) 


where  Gm  and  pm  are  the  spring  trd  tiashpot  factors  for  the  m*  Maxwell  c’tmcnt  in  the  multiple- 
variable  viscoelastic  model.  The  <jmo  values  must  be  updated  at  each  step  using  Eq.  (C-29).  The 
plastic  strain  rate  is  given  by  Eq.  (E)  in  the  main  text: 

de** 


3T=(rJ  (04) 


Here  n  is  a  material  constant  (between  1  and  2)  and  k  is  a  function  o»  plr*tic  strain.  From  our 
initial  review  of  the  data  from  Sousa,2  it  appears  that  n  ®  2  and  that  k  should  be  a  linear  function  of 
lire  plastic  strain  (i.  e.,  not  a  constant): 


k  =  ko  +  k2ep 


(C-5) 


where  ko  and  kj  are  constants  with  dimensions  like  MPa  Vs. 
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C.2.2  Pressure  Model 

The  pressure  model  is  formulated  as  a  simplified  Mie-Griineisen  model: 

P  =  Kp  +  rpsoE  (C-6) 

where  ji.  =  p/p0i  - 1,  the  compressive  strain.  K  is  the  bulk  modulus,  T  is  the  Griineisen  ratio,  E  is 
the  internal  energy,  and  Pso  is  the  initial  density,  p  is  the  current  density  and  p0i  is  a  density 
representing  the  current  porosity.  We  propose  that,  as  shearing  occurs,  the  aggregates  roll  over 
each  other,  causing  dilation  and  changes  in  porosity  and  p0i-  The  following  relation  may  fit  the 
data 


A£d=— (C-7) 
Pot 

where  e<i  is  a  newly  defined  strain  quantity  associated  with  the  dilatation,  D  is  a  dilatant  modulus, 
and  AiF  is  a  change  in  the  total  shear  strain  vector  on  a  plane  in  the  material.  We  are  visualizing 
that  I  is  a  vector  representing  (on  any  plane)  how  '“ar  the  material  has  been  distorted  from  its  zero- 
distortion  position.  As  the  shearing  strain  is  applied,  this  vector  is  modified  to  account  for  the 
current  amount  of  distortion.  The  length  of  the  vector  is  proportional  to  the  amount  of  stress  that  is 
generated  normal  to  this  plane  by  dilatancy.  If  the  shearing  strain  reverses  direction,  then  the 
vector  may  return  to  zero  and  the  normal  stress  will  also  reduce  to  zero.  This  general  description 
of  the  normal  stress  that  arises  with  the  imposition  of  shear  strain  appears  to  agree  qualitatively 
with  the  data  from  confined  shearing  tests.  However,  those  data  also  show  significant  time- 
dependent  and  dissipative  effects.  Therefore,  we  propose  using  a  viscoelastic  model  as  an 
extension  of  Eq.  (C-7).  The  expressions  are  then 

£d  =  £do + D(t)Ae  -  F(t)  (C-3) 

where  D(t)  and  F(t)  have  definitions  similar  to  those  for  G(t)  and  H(t)  in  Eqs.  (C-2)  and  (C-3). 

The  strain  vector  quantity  Ae  will  be  computed  on  each  plane  of  the  muldple-plane  plasticity 

model  Finally,  the  plastic  strains  are  assigned  to  the  planes  on  which  they  occur  so  that  we  will 
know  the  orientation  of  the  permanent  deformation  as  well  as  the  magnitude. 

The  foregoing  expressions  for  the  deviatoric  and  pressure  response  to  strain  loadings 
completely  define  the  model  behavior. 


518 


C.3  Construction  of  the  Material  Model  Subroutine  for  Rutting 


A  preliminary  form  of  the  preceding  model  was  written  into  a  computational  subroutine.  In 
most  cases  the  viscoplastic  and  viscoelastic  portions  were  run  separately.  The  viscoelastic 
behavior  was  treated  by  the  standard  linear  viscoelastic  model,  not  the  multiple-variable  viscoelastic 
model. 

We  intend  to  incorporate  the  viscoelastic,  dilatant,  and  viscoplastic  processes  into  the 
multiple-plane  plasticity  model  used  for  the  fatigue  modeling.  The  multiple-plane  treatment  is 
necessary  to  represent  the  dilatant  modeling  approach  outlined  above.  Eventually  we  will  integrate 
the  rutting  and  fatigue  processes  into  a  single  model. 

G.4  Response  of  the  Rutting  Model  to  Loadings 

The  following  simulations  are  intended  to  illustrate  the  expected  model  behavior 
qualitatively,  but  not  quantitatively.  Truly  quantitative  comparisons  must  await  construction  of  the 
fully  three-dimensional  subroutine  with  all  model  features  combined. 

In  examining  the  response  of  the  model,  we  want  to  illustrate  the  functioning  of  each  aspect 
of  the  model.  The  first  comparisons  are  for  the  axial  stress  as  a  function  of  axial  strain  in  triaxial 
experiments  (Figure  C-l  above).  Figure  C-5  shows  the  computed  results  for  the  three  testing  rates 
shown.  The  computed  results  have  approximately  the  correct  slopes  for  the  high  and  low  rates, 
but  not  for  the  intermediate  rate.  This  result  suggests  that  we  need  to  adjust  the  viscosity  in  the 
dashpot  element  There  is  clearly  a  break  in  the  low  rate  loading  curve  around  0.16  MPa,  which 
this  is  caused  by  the  step  size  we  used  in  these  computations.  To  make  a  more  complete  fit  to  the 
axial  loading  data,  wc  need  to  have  stress-strain  data  for  a  full  loading  cycle:  then  we  can  better 
represent  the  hysteresis  loop  (hence,  the  dissipation)  that  is  occurring. 

The  dilatant  behavior  shown  in  Figure  C-2  is  one  of  the  most  interesting  aspects  of  the 
pavement  response.  The  axial  stress  rises  as  shear  loading  is  applied  to  specimens,  and  the  dilatant 
response  is  very  rate-dependent.  Figure  C-6  shows  the  results  of  short  simulations  of  shearing  in 
the  model  at  the  three  loading  rates.  The  high  and  low  rate  simulations  match  fairly  well,  but  not 
the  one  at  the  middle  rate.  This  response  can  be  adjusted  somewhat  by  altering  the  viscosity  of  the 
dashpot  in  tire  model,  but  mainly  the  model  does  not  have  the  flexibility  to  represent  the  correct 
amount  of  damping  as  well  as  the  great  range  of  stiffnesses  seen  in  Figure  C-2. 


Fuil  cycles  of  dilatancy  caused  by  shearing  are  shown  in  Figure  03  (Figure  40  on  page  62 
of  Ref.  1).  According  to  Sousa,^  loading  takes  the  lower  curve  of  the  Figure  4-4  shape  in  each 
case.  We  were  able  to  match  this  data  fairly  well  using  the  viscoelastic  shearing  parameters 
required  for  Figure  05,  but  we  made  the  dilatancy  essentially  elastic.  The  resulting  figure 
(starting  the  plot  after  the  first  third  of  the  first  loading  cycle)  is  shown  in  Figure  07.  Clearly  this 
curve  has  about  the  right  amplitudes  and  directions  and  the  hysteresis  loop  is  about  right.  Hence, 
this  unusual  hysteretic  behavior  can  be  represented  by  the  combination  of  dilatant  and  viscoelastic 
behaviors. 

The  viscoplastic  behavior  of  the  model  is  compared  with  the  data  in  Figure  5-4  of  the  main 
text  Again  the  correspondence  is  satisfactory. 
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Figure  C-5.  Simulation  of  the  Axial  Stress  Tests  in  Figure  C-1  with  a 
Standard  Linear  Viscoelastic  Model 
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Figure  C-7.  Simulation  ot  the  Pressure  Generated  During  Cyclic  Shear 
Loading  Corresponding  to  Figure  C-3 
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12.  Appendix  D 


Analysis  and  Implementation  of  the  Multiple-Variable 

Linear  Viscoelastic  Model 


D.1  Introduction 

In  the  following  discussion  we  derive  general  solutions  for  a  multiple-variable  linear 
viscoelastic  model.  We  begin  with  a  standard  linear  viscoelastic  model  (one  spring  in  parallel  with 
a  Maxwell  element  -  the  Maxwell  element  has  a  spring  and  dashpot  in  series).  Then  we  add  more 
Maxwell  elements  in  parallel  to  obtain  the  general  behavior  required  to  fit  material  data.  The  nature 
of  the  model  and  the  model  parameters  are  shown  in  Figure  D-l.  The  G’s  are  the  spring 
stiffnesses  (representing  shear  moduli)  and  the  p.’s  are  the  dashpot  response  factor. 

The  stress  analyses  for  the  viscoelastic  model  must  be  performed  on  the  full  stress  and 
strain  tensors.  Hence,  we  are  establishing  the  shear  modulus  G  that  must  be  used  in  the 
relationship 

o(j  =  2Ge(j  (D-l) 

However,  in  the  derivation  below,  wc  will  use  only  the  invariants  o  and  e  and  not  the  full  tensors. 
d2=  l/2  0(ja(j  and  e2  »  2/3  e(j  ejj  (D-2) 

Because  the  numerical  coefficients  differ  in  these  two  definitions,  the  barred  quantities  are  related 
as 


o  » 3Ge  (1 

instead  of  as  in  Eq.  (D- 1).  In  the  following  derivation  we  use  these  invariants  only  and  drop  the 
bars  on  the  stress  and  strains. 

During  loading,  a  strain  is  imposed  across  the  element  from  left  to  right  and  this  total  strain 
is  felt  by  all  the  elements.  Within  each  Maxwell  element,  the  strain  is  separated  into  spring  and 
dashpot  components,  such  that  the  sum  equals  the  total  imposed  strain: 


e  =  Egm  +  tpm 


(D-4) 
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where  this  relation  refers  to  the  m*  Maxwell  element  The  stress  on  the  spring  elements  are  given 
by  am  =  3Gm  £gm  and  on  the  dashpot  elements  by 

cm  =  3p.m  (D"5) 

For  equilibrium,  the  stresses  on  the  spring  and  dashpot  of  each  element  must  be  equal.  The 
stress  o  on  the  total  model  is  simply  the  sum  of  the  component  stresses. 

0.2  Response  to  Sinusoidal  Loading 

Insight  can  be  gained  into  the  behavior  of  the  model  by  subjecting  it  to  sinusoidal  loading. 
Here  we  impose  strains  in  the  form  of  a  sine  function  and  compute  the  stresses.  From  these  we 
obtain  the  apparent  stiffness  and  phase  lag  as  a  function  of  the  loading  frequency. 


The  loading  is  given  by 

e  *  e0  sincot  0 

and  we  require  that  each  component  of  the  strains  be  also  sinusoidal: 

£g(fl  =  Bgm  sin  OK  +  Cgm  costot  (I)-?) 

£pn> 53  sincot  +  Cjun  COSOt  (D-8) 

The  overall  strain  is  then 

£  =  £gm  "i-  £pin 53  (Bgm  +  B^yn)  sincot  +  (Cgm  +  Cpm)  coscot  (D-9) 

Comparing  Eq.  (D~9)  with  Bq.  (D-6).  we  sec  that 

Bgm’i'Bpm-Co  (D-lOa) 

and 

Cgm  +  C^un  =  0  (D-lOb) 


Next  we  differentiate  e^m  with  respect  time  to  compute  the  stress  on  the  dashpot 


ds 


p  =  coBym  coscot  -  coCum  sincot 


dt 


pm  ■ 


CD-11) 


and  use  the  equality  of  the  stress  on  the  spring  and  dashpot  to  obtain  the  following  relations: 

GmBgm  =  (D-12a) 

and 


GmCgm  =  PmCOBjun 

Combining  Eqs.  (D-12a)  and  (D-lOb),  we  find  that 

B  -Mm £r 

gm  “  Gm  ^8m 

When  we  use  Eqs.  (D-lOa)  and  (D-12b)  with  this  result,  we  obtain: 


(D-12b) 


(D-13) 


Bgra- 


Tlmeo 

1  +nm 


(D-14) 


where 


Ira 


=  Mcq£> 


G 


ro 


ms) 


With  Bgm  known  in  terms  of  Cq  and  qro,  we  can  now  determine  the  other  strain  coefficients: 


JliPJa 

1  +  nm 


^  +  *1  m 


'gm  ®  *“““  2*  ’  =  t  €°  2  ’ an<^  Cpm  =  - 

m 


1  4  q 


(D-16) 


The  strains  in  the  springs  and  dashpots  arc 


egm  9 


1  +  tlm 


[nm  sincot  4  rj  ro  coscot] 


0>17) 


Epro 


~  [sincot  -  q  m  coscot] 

1  + 


deUm  cog  o  r_  , 

-Jjm  - - u—  |rjm  sincot  4  coscotl 

1  +  ’1* 


(D-1S) 


0>19) 
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From  die  strains  we  can  compute  the  stresses  on  each  Maxwell  element  and  hence  die  stress 
on  me  entire  assemblage: 


o 


I 


3Go£0  sinoit  +  e0  sinmt 


"V^l  +  Eocoscat 

m=l 


y 

1 


1  +  *lm 


m=l 


(D-20) 


This  sinusoidal  stress  is  the  basic  solution  to  the  problem  of  sinusoidal  loading  on  a  multiple- 
variable  linear  viscoelastic  model. 


With  the  stress  solution  available,  we  can  now  determine  the  apparent  stiffness  and  phase 
lag  as  a  function  of  the  loading  frequency.  The  apparent  stiffness  on  the  stress-strain  path  is  given 
by 


do  do/dt 
~  de  ~  del dt 


=  3G0  + 


(D-21) 


This  stiffness  goes  through  a  local  maximum  at  cot  =  0,  providing  us  with  the  required  apparent 
stiffness: 


(D-22) 


Our  next  step  is  to  determine  the  apparent  phase  lag.  We  begin  this  analysis  by  writing  the 
stress  in  the  following  form: 

G  =  g0  sin  (cot  +  0)  =  g0  cos0  (sincot  *  tan0  coscot)  P-23) 

When  we  compare  this  equation  with  Eq.  (D-20),  we  can  evaluate  tan0. 
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tan0  = 


(D*24) 


I 


From  Eq.  (D-22)  it  appears  that  the  stiffness  variation  with  frequency  is  a  direct 
superposition  of  the  stiffnesses  from  the  G0  spring  and  the  Maxwell  elements.  The  phase  lag 
given  by  Eq.  (D-24)  is  not  simply  related  to  the  p.  and  G  values. 


D.3  Exact  Incremental  Solution 

The  stress  resulting  from  the  application  of  a  linearly  varying  strain  can  be  obtained  exactly 
for  the  multiple- variable  linear  viscoelastic  model.  This  solution  is  the  basis  for  the  stress- 
relaxation  and  creep  solutions  that  are  presented  later  in  this  discussion  and  for  the  general 
implementation  of  the  model  into  computer  programs. 

To  obtain  the  solution  for  the  stress  in  the  model,  we  can  concentrate  on  the  stress  in  any  of 
the  Maxwell  elements  because  they  each  operate  separately.  The  two  basic  equations  governing 
each  element  are 

Onj  =  3GmEgm 88  3p*n  — (D-25) 
and 


6  =Egm  +Ejjun 


(D-26) 


For  the  computation,  let  the  strain  change  linearly  in  time: 


e  a  e0  +  at 


(D-  27) 


Then  the  basic  differential  equation  is  obtained  by  combining  the  preceding  three  equations 
and  eliminating  Egm. 


jjgum  +  Hin  2m  +  2m  at 

dT+U ■,**“  pme°+  lim31 


CD-28) 
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To  solve  the  preceding  differential  equation,  we  multiply  by  exp(Gmt/jim)  and  then 
integrate.  The  resulting  strain  at  the  end  of  the  time  interval  is 


=  Zpjw  «p(-  ^)+  e„ [l  -  e*p(-  [l  -  e*p(- 


GjnAt> 
Pm  j 


We  have  replaced  a  with  Ae/At  from  Eq.  (D-27),  noting  that  Ae  is  a  change  in  the  equivalent 
strain  and  not  obtainable  directly  from  the  components.  We  derive  A £  later  from  the  stress 
relationship.  Next,  we  use  Eq.  (D-26)  to  obtain  the  elastic  component  of  strain,  egm-  Multiplying 
this  strain  by  3Gm  gives  the  resulting  stress  at  the  end  of  the  time  interval. 


(  GmAn  „  Ae  T,  (  GmAf\" 
om»omoexp(-  -iS-J  +  ata^l-exp^  — Jj 


(D-29) 


We  can  now  expand  this  result  to  obtain  the  solution  for  the  total  stress  on  the  assemblage  of 
elements: 


JL  Ap  t 

=  <Joo+  yomoXm  +  3G0AE+3^  IWm(l-Xm) 
m=l  n*»l 


where  a<x>  is  the  stress  in  the  G0  spring  at  the  beginning  of  the  interval,  and 
V  _ f  GmAtN 


(D-30) 


CD-31) 


and  the  Omo  values  are  updated  at  each  time  step  using  Eq.  (D-29). 


D.4  Stress  Relaxation  Solution 

When  a  strain  is  applied  and  then  held  without  a  change  in  the  subsequent  deformation,  we 
have  a  stress-relaxation  problem.  A  useful  case  to  consider  is  one  in  which  the  strain  is  applied 
instantaneously  and  then  held.  For  the  instantaneous  application  of  pressure,  the  stress  reached  in 
each  spring  is  simply 


Omo  “  3Gra 


m  =  0  to  I 


and  the  total  stress  is 
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(D-32) 


I 

Oo  =  3eo  £Gm 
m=0 


Then  the  stress-relaxation  solution  can  be  obtained  from  Eq.  (D-30). 

I 

<7  —  Ooo  + 

m=l 


When  we  nondimensionalize  this  result  using  a©,  we  obtain 


c_ 

Oo 


I 

Go  +  £GmXm 
m=l 

I 


Zgm 

m=0 


(D-33a) 


(D-33b) 


D.5  Creep  and  Defined  Stress  Cases 

The  creep  solution  is  obtained  by  requiring  that  the  stresses  remain  constant  and  allowing 
the  strain  to  change.  For  the  defined  stress  case,  the  stress  changes  by  a  prescribed  amount,  so  a 
is  known.  To  proceed  we  rewrite  Eq.  (D-30)  in  the  following  way: 

I  Ae  I 

o  =  Oo-  5>ro°  (1  -  Xm)  +  3G0  Ae  +  3^  Zu«(l  -  Xm)  (D-34) 

m=l 

where  we  may  let  o  =  c0  for  die  creep  case,  or  give  o  the  new  value.  When  we  choose  the  time 
step  At,  the  only  remaining  unknown  is  Ae.  Hence,  we  can  use  Eq.  (D-34)  to  solve  for  Ae. 

I 

O  -  <To  +  ^ 

Ae  - - -  (D-35) 

3G0  +  ^  I|im(l  -Xm) 
m=l 

The  initial  values  of  the  omo  are  given  by  the  equation  preceding  (D-32),  and  these  must  be 
updated  after  each  time  interval  using  Eq.  (£>-29).  With  Eq.  (D-35)  we  can  construct  a  creep 
relaxation  curve  for  appropriate  time  intervals  for  this  model  We  can  also  determine  the  stresses 
for  a  case  in  which  the  stress  history  is  defined. 
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D.6  Extension  to  Three  Dimensions 


To  extend  into  three  dimensions,  we  can  consider  either  that  Eq.  (D-30)  pertains  to  the 
equivalent  quantities  or  to  the  individual  stress  and  strain  components.  Let  us  consider  first  the 
Maxwell  model  for  the  individual  stress  components. 


Sjj  =  Sjjoo  +2G0  A£jj  +  (tn  —  0) 

I  t  j 

+  XSijmoXm  +  2^i  SHmO-Xm)  (m=ltoI)  (D-36) 

m=l  m=l 


where  S  is  a  deviator  stress.  Here  Sjjmo  is  a  stored  quantity.  For  example,  for  a  three-dimensional 
situation  and  four  Maxwell  models,  24  stored  quantities  would  be  required  for  each  material 
element.  To  minimize  the  amount  of  storage,  let  us  consider  the  possibility  of  not  storing  Sijmo, 
but  only  amo>  anti  presume  that  all  these  Sjjmo  components  are  proportional  both  to  Gmo  and  to 
Sijo  as  follows: 


Qmo 

Oo 


(D-37) 


Here  we  develop  both  the  approximate  procedure  using  the  assumption  in  Eq.  (D-37)  and  the  exact 
form  based  on  Eq.  (D-36).  Then  later  we  include  some  comparison  computations  that  indicate  the 
level  of  error  expected  based  on  using  Eq.  (D-37).  In  the  approximate  form  we  have  available  the 
equivalent  stresses  for  each  Maxwell  model  (Gmo)  anti  the  old  deviator  stress  tensor  (Sy0).  Now 
we  undertake  a  few  steps  to  eliminate  Sjjoo  and  Sjjmo  front  the  expression  for  Sjj.  We  note  that 

I 

Sijo  *  Sijoo  +  X^yrao  CD-38) 

m=l 


and  then  we  can  rewrite  Eq.  (D-36)  as 

I 

Sjj  =  Sijo  ~  X^ijmo  +  2Go  Ae(j  + 
m=l 

I  i 

+  ISijmoXm  +  2^U  IHra(l-Xm) 
m=l  m 


or,  using  Eq.  (D-37), 
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or,  defining  some  new  scalar  quantities  for  the  nontensor  terms, 
Sij  =  B  Sijo  +  |  A  Aei] 


where 


A 


I 

~  Xm) 

m=l 


and 


(D-39) 


(D-40a) 


B  =  l-^-yomo(1-Xm) 

O0iSl 


(D-40b) 


In  Eq.  (D-39)  we  have  a  complete  definition  for  the  deviator  stress  tensor  based  on  the  properties 
of  the  Maxwell  models,  the  old  de  viator  stress  tensor,  the  deviator  strain  increment  tensor,  and  the 
stored  Maxwell  equivalent  stresses.  These  Maxwell  equivalent  stresses  are  updated  at  each  loading 
increment  using  Eq.  (D-29). 

With  the  foregoing  definitions,  the  equivalent  stress  computation  becomes 

o=Bo0  +  AAe  (D-41) 

With  this  method  we  can  compute  the  individual  stress  components  while  fully  accounting  for  the 
individual  strain  components.  The  steps  include  (1)  determination  of  the  A  and  B  quantities,  (2) 
computation  of  Sy  from  Eq.  (D-39),  and  formation  of  the  equivalent  quantities  a  from  Eq.  (D-2) 
and  Ae  from 

=  (D-42) 

In  addition,  we  use  Eq.  (D-29)  to  solve  for  the  individual  equivalent  stresses  on  the  Maxwell 
components. 

The  final  step  is  to  examine  the  error  made  based  on  the  assumption  in  Eq.  (D-37).  For 
this  examination  we  constructed  two  computer  subroutines:  the  first  contained  the  analyses  based 
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on  the  equivalent  stress  approach  in  Eqs.  (D-40)  through  (D-42)  and  using  the  assumption  in 
Eq.  (D-31),  and  the  second  used  Eq.  CD-36)  and  stored  all  the  necessary  Maxwell  stress  quantities. 
Two  computations  were  made  with  each  subroutine:  a  simple  compressive  load  and  unload  case, 
and  a  loading  in  compression,  shearing  load,  and  unloading  from  compression.  The  loading  rate 
was  in  the  midst  of  the  range  used  by  Sousa  (0.002  per  second)  and  therefore  also  in  the  region  of 
maximum  dissipation  of  the  fitted  viscoelastic  model. 

The  results  for  the  load-unload  case  were  identical,  showing  that  any  proportional  loading 
situation  is  treated  exactly  with  the  assumption  in  Eq.  (D-37).  The  axial  stresses  and  shear  stresses 
for  the  second  computation  are  shown  as  a  function  of  time  in  Figure  D-2.  The  differences  are 
only  slightly  discernible  toward  the  end  of  the  shearing  period  and  become  more  important  during 
the  subsequent  unloading. 

On  the  basis  of  the  foregoing  computational  exercise,  we  decided  to  use  the  equivalent 
stress  approximation  in  Eq.  (D-37)  for  all  subsequent  computations. 

D.7  Fitting  the  Model  Parameters  to  Data 

The  required  data  for  the  model  are  the  curve  of  stiffness  versus  circular  frequency  and  a 
similar  curve  of  tangent  versus  frequency.  With  these  data  available,  we  can  proceed  with  the 
following  steps  to  determine  the  Gm  and  pro  values  for  the  model. 

1 .  Draw  the  intended  stiffness  curve  versus  the  circular  frequency. 

2.  Cut  the  curve  into  small  segments,  using  smaller  segments  at  the  low  frequency  end. 
Each  segment  corresponds  to  a  Maxwell  element.  We  expect  that  the  loss  tangent  is 
proportional  to  the  Gm  of  the  individual  Maxwell  elements,  so  the  foregoing  procedure 
provides  for  a  low  loss  tangent  throughout. 

3 .  Determine  the  G  values  from  the  differences  between  the  stiffnesses  at  the  right  and  left 
ends  of  the  segments  along  the  G  curve.  For  example,  at  the  low  frequency  end,  G  = 
G0,  the  first  stiffness  parameter.  For  the  m111  interval, 

Gm  -  AG  =  Gm, high  ~  Gm.low 

4 .  Determine  the  tnid-height  point  of  the  mlh  interval  of  the  curve:  this  is  the  central 
frequency  for  the  Maxwell  model.  Here  t|m  =  1,  so  =  Gm/w. 
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TIME  (S) 
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Figure  D-2.  Comparison  of  the  Axial  and  Shear  Stress  Histories 
Produced  by  the  Tensor  Solution  Procedure  and  the  Approximate 
Equivalent-Stress  Procedure  for  the  Multipie-Variable  Linear 

Viscoelastic  Model 
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This  procedure  provides  a  good  first  estimate  of  all  the  model  parameters.  Next,  the  G  and  tan© 
values  from  Eqs.  (D-22)  and  (D-24)  should  be  evaluated  over  the  range  of  frequencies  of  interest 
to  verify  the  expected  stiffness  and  lag  variations. 
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Three-Dimensional  Stress  Analysis 
of  Multilayered  Airport  Pavements:  Integral 
Transform  Approach 


G.  Samavedam 


Foster-Miller,  Inc. 


1.  Introduction 


1 .1  Background 

With  the  increased  traffic  of  current  aircraft  and  larger  and  heavier  aircraft  likely  to  be 
introduced  in  the  near  future,  the  performance  demands  on  existing  airport  pavements  will  be 
significantly  higher  than  those  envisioned  a  few  decades  ago.  The  maintenance  and  repair  of  the 
existing  pavements  and  potential  new  designs  in  future  must  take  full  advantage  of  advanced 
theories  on  the  subject  At  present,  several  advanced  concepts  are  available  in  the  general  field  of 
structural  mechanics  which  are  not  fully  exploited  for  the  pavement  analysis.  There  are  several 
reasons  for  the  current  state  of  art  in  the  pavement  being  not  on  a  par  with  modem  developments  in 
structural  mechanics.  One  of  the  reasons  is  that  the  airport  pavement  structures  were  there  long 
before  the  advanced  computer  models/concepts  emerged.  A  large  amount  of  work  had  already 
been  expended  in  testing  and  empirical  correlations  of  the  test  data.  A  primary  reason,  however,  is 
due  to  the  fact  that  no  systematic  investigations  have  been  carried  out  on  the  validity  and 
applicability  of  the  advanced  structural  mechanics  concepts  to  the  pavement  structure.  Such 
investigations  form  a  major  part  of  the  research  being  initiated  by  VNTSC/FAA,  with  the  ultimate 
aim  of  synthesizing  into  an  advanced  unified  treatment  of  all  types  of  pavements.  This  report 
presents  ideal  characteristics  of  the  structural  and  material  modelling  for  pavement  and  deals 
specifically  in  an  approach  for  three-dimensional  stress  analysis  of  the  pavement  structure. 
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2.  Ideal  Requirements  of  Advanced  Unified 
Treatment  for  FAA  Pavements 


The  requirements  for  an  advanced  unified  treatment  of  FAA  pavement  can  be  arranged  into 
three  groups:  general,  structural  modelling,  and  material  modelling. 

2.1  General 

a.  All  types  of  pavements  (rigid,  flexible,  semi-rigid,  etc.)  should  be  handleable  under  the 
single  unified  approach. 

b.  The  approach  should  be  usable  as  an  expert  system  by  practicing  and  other  engineers  in 
the  pavement  industry. 

c.  The  numerical  results  should  be  meaningful  for  application  into  practical  situations  and 
must  result  in  improved  predictions  and  cost  benefits. 

d.  The  approach  should  be  usable  for  analytic  predictions  of  pavement  repairs 
performance  and  for  new  designs  with  alternate  materials.  The  approach  should  handle 
multiple  and  increased  wheel  loads  of  future. 

2.2  Structural  Modelling  Requirements 

a.  The  structural  model  should  unify  and  "cover”  Westcrgaard  [1],  Burmister  [2),  Pickett 
and  Ray  [3],  and  other  models. 

b.  The  structural  model  should  reproduce  the  three-dimensional  state  of  stress  and  strain  in 
the  pavement.  The  three-dimensional  stress  analysis  will  be  required  because  the 
pavement  structure  seldom  behaves  as  a  simple  beam  or  plate.  The  model  should  be 
capable  of  predicting  both  global  and  local  behavior.  The  local  behavior  of  interest  is  at 
joints,  cracks,  etc. 

c.  The  model  should  be  capable  of  taking  into  account  the  property  variations  due  to 
layering  of  different  materials  in  the  pavement  and  in  the  supporting  soil.  Hence,  the 
material  property  variations  in  the  cross  section  (transverse  and  depth  wise)  are 
important  in  the  analytic  model  Regarding  the  longitudinal  direction,  it  may  be 
reasonable  to  assume  material  properties  to  be  constant  for  reasons  presented  later. 
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d.  The  structural  model  should  be  capable  of  representing  stress  singularities  and  should 
lead  to  a  computationally  efficient  nonlinear  analysis.  Singularities  exist  at  the  bottom 
edges  of  the  pavement  in  contact  with  soil.  Nonlinearity  is  in  the  material  constitutive 
relationships.  Geometric  nonlinearity  is  not  severe  and  can  be  neglected. 


2.3  Material  Modelling  Requirements 

a.  The  material  model  should  be  based  on  advanced  constitutive  laws  relevant  to  pavement 
and  geotechnical  materials.  The  model  should  account  for  "moduli"  variations  on  three- 
dimensional  state  of  stress,  observed  in  tests.  The  constitutive  laws  should  be 
applicable  for  cyclic  loading  and  unloading. 

b.  The  model  should  identify  failure  or  yield  criteria  for  the  pavement  materials.  These 
criteria  must  be  capable  of  predicting  pavement  damage  and  failure  modes  commonly 
ovserved  in  pavements  (rutting,  fatigue  cracking,  thermal  cracking,  spalling,  stripping, 
weathering  and  ravelling,  corrugations  and  pumping,  shrinkage  and  debonding,  etc.). 

c.  Ideally,  the  material  model  should  integrate  constitutive  relationships  and  failures  into  a 
simglc  set  of  equations  or  laws.  This  may  facilitate  unification  of  many  failure 
mechanisms  referred  to  above,  into  a  single  damage  assessment  model. 
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3.  Review 


A  large  number  of  structural  models  exist  for  the  analysis  of  pavement  systems.  A  brief 
review  of  the  literature  is  presented  here.  The  literature  can  be  classified  into  the  following  groups: 

1.  Rigid  Slab  Systems 

2.  Layered  Systems 

3.  Discrete  Models 

4.  Finite  Element  Models 

5.  Mixed  Models. 

3.1  Rigid  Slab  Systems 

The  classical  work  by  Westergaard  [1]  idealizes  the  slab  as  a  plate  on  Winkler  foundation. 
For  rectangular  slabs  with  constant  thickness,  this  yields  closed-form  solutions  for  central,  edge 
and  comer  loads.  Pickett  and  Ray  [2]  extended  this  work  for  the  preparation  of  influence  charts 
and  treated  die  subgradc  as  an  elastic  half  space. 

a.  Due  to  the  fact  that  o*  condition  at  the  top  surface  is  not  satisfied  (although  equilibrium 
in  the  zslircction  is  satisfied  in  the  plate  model),  the  plate  idealization  will  not  yield 
correct  stress  distribution  in  the  vicinity  of  the  loaded  zone. 

b.  Variations  of  properties  with  depth  in  pavement  slab  and  subg.ade  layers  are  not 
accounted  for  in  the  rigid  slab  systems. 

c.  Voids,  partial  contact  and  joint  discontinuities  cannot  be  included  In  the  rigid  slab 
model. 

3.2  Layered  Systems 

Bunnister  (3)  presented  solutions  for  axisymmetric  multilayered  clastic  body.  Each  layer 
extends  to  infinity  in  the  horizontal  plane,  and  the  bottom  layer  is  a  half  space.  Chevron  research 
company  developed  a  code  for  five  layers.  Other  codes  such  as  ELSYM5  and  VESYS  extended 
the  work  to  multiloads  and  viscoelastic  layers.  B1SAR  is  another  code  written  in  Holland  for  a 
layered  system. 
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a.  Lack  of  finite  boundaries  is  a  fundamental  drawback  cf  the  layered  system  approach. 
These  solutions  are  not  applicable  for  loads  near  slab  edges  and  joints. 

b.  Same  as  in  step  lc  applied  here  in  regard  to  voids,  etc. 

3.3  Discrete  Models 

Newmark  [4]  and  later  Hudson  and  Matlock  idealized  the  slab  as  made  up  of  deformable 
hinges,  springs  and  some  rigid  links.  The  subgrade  is  idealized  as  a  Winkler  foundation.  Later 
models  [5-6]  considered  the  subgrade  as  a  half  space.  It  is  not  easy  to  estimate  the  parameters  such 
as  the  spring  stiffness  in  these  models.  It  is  not  based  on  rigorous  three-dimensional  principles  of 
continuum  mechanics. 


3.4  Finite  Element  Models 

A  number  of  FE  models  have  appeared  in  literature.  Some  of  them  have  recast  rigid  slab 
systems  described  above  into  standard  FE  routines,  using  standard  plate  elements.  Likewise, 
axisymmetric  layered  systems  have  been  treated  by  EE  routines.  Plane  strain  and  prismatic  type 
elements  have  also  been  used.  A  three-dimensional  FE  solution  has  also  been  attempted  using  a 
standard  element 

Among  the  FE  works  Tabatabair's  and  Barenberg's  ILLI-SLAB  code  [7]  deserves 
discussion.  In  this,  the  slab  is  treated  as  a  two-layered  plate  with  rectangular  elements,  supported 
on  Winkler's  foundation.  Dowel  joints  are  represented  by  beam  elements  and  keyed  joints  by 
vertical  springs.  This  permits  determination  of  load  transfer  characteristics  and  overcomes  parts  of 
the  shortcoming  referred  to  in  step  lc.  Unfortunately,  the  model  is  not  adequate  for  voids  or 
partial  contact  due  to  Winkler  foundation  idealization. 

The  shortcomings  in  the  ILLI-SLAB  are  overcome  in  another  FE  solution  by  Huang  and 
Wang  [is]  to  some  extent  by  including  the  effects  of  curling  and  voids  but  sacrificing  accuracy  in 
the  slab  modelling.  As  a  result,  the  solution  cannot  model  cracks  and  joints  in  the  slab  adequately. 

Prismatic  models  which  retain  constant  two-dimensional  shape  are  possible  but  are  not 
adequate  for  representing  joints  and  transverse  cracks.  They  also  do  not  adequately  satisfy  the  oz 
condition  at  the  top  surface. 


544 


A  direct  three-dimensional  FE  analysis  was  attempted  by  Wilson  [9]  as  long  ago  as  1969. 
Due  to  lack  of  efficient  computers  and  computational  algorithms,  and  the  enormous  amount  of 
labor  involved  in  those  days,  no  useful  results  were  obtained  from  his  model. 

Direct  FE  analysis  using  the  displacement  approach  can  be  carried  out  by  several  existing 
general  purpose  commercial  codes  such  as  NISA,  NASTRAN,  MARC,  ANSYS,  ADINA  and 
ABACUS  and  others.  Some  of  the  codes  such  as  NISA  have  the  advantage  of  being  available  on  a 
PC  and  have  excellent  color  graphics  for  post  processing  the  data.  However,  to  date  only  one 
commercial  code  (NISA)  has  been  applied  to  the  pavement  problem,  and  excellent  results  have 
been  obtained  by  Steve  Kokkins  [10].  The  disadvantage  of  the  commercial  codes  is  that  the  source 
code  tends  to  be  proprietary,  and  manipulation  of  the  program  for  specific  requirements  (change  of 
solution  algorithms)  requires  cooperation  and  permission  of  the  code  originator. 

3.5  Mixed  Models 

In  recent  times,  some  authors  attempted  to  combine  different  models  previously  referred  to 
(steps  1  to  4)  into  a  single  code  with  the  objective  of  removing  deficiencies  in  individual  models. 
Discrete  model  with  multilayer  model  and  even  two  different  FE  codes  have  been  combined  for  the 
pavement  system.  For  example,  Saxena  (1 1]  used  a  mixed  approach  with  discrete  element  model 
for  the  slab  and  Boussinesq's  classical  solution  for  the  subgrade.  Voids,  partial  contact  and 
curling  are  not  accounted  for  in  the  mixed  model.  Likewise,  Huang  [12]  combined  his  previous 
FE  slab  model  [Huang  [12]  and  Wang  [8]  with  Boussinesq's  subgradc.  As  before,  the  mixed 
model  is  still  inadequate  for  joints  in  the  slab. 

Majidzadeh  [13]  combined  the  ILL1-SLAB  model  with  Huang's  model  [12]  and  attempted 
to  develop  a  design  oriented  general  purpose  code.  A  deficiency  in  Majidzadeh's  approach  is  lack 
of  explicit  formulations,  since  his  method  relied  heavily  on  previously  developed  codes  by  other 
authors. 

Numerical  methods  such  as  the  boundary  element  method,  or  integral  equation  technique 
seem  to  provide  alternate  approaches  for  the  three-dimensional  stress  analysis,  but  no  direct 
applications  to  pavement  systems  have  been  made  to  date. 
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4.  Proposed  Structural  Model 


4.1  Local  Analysis 

The  proposed  structural  model  for  local  analysis  is  the  three-dimensional  brick  element  for 
pavement,  beam  elements  for  bars  in  doweled  joints,  vertical  springs  for  keyed  joints,  etc.  The 
three-dimensional  solid  brick  is  the  standard  eight-comer  noded  element  [14]  with  linear 
displacement  field  (Figure  4-1). 


where,  {uj},  {vj},  {wj}  are  nodal  displacements  and  is  the  shape  function  defined  by 

Vj  =  (1  -  x/a)(l  -  y/b)(l  -  z/c)  (1.1) 

and  companion  expressions  for  y2  to  y3< 

The  resulting  stiffness  matrix  is  24  x  24  in  size.  For  the  linear  elastic  case,  the  stiffness 
matrix  can  be  explicitly  derived  by  minimizing  the  strain  energy  expression  with  respect  to  the 
nodal  variables.  The  strain  energy  expression  is 

c  b  a 

11 1 = J  J 1  { I '2 + **(  + e5 + e0 + 1  + ^ + ^ ^ dy  ^ 

ooo'  *  (2) 


Here 

X,  p.  -  Lame's  constants 

e  =  volumetric  strain  =  sum  of  extensional  strains  =  e„  +  e ,  +  e„ 

ex  *  3U/9x 

ey  =  3V/9y  (2.1) 

e2  =  aw/9z 

The  shear  strain  components  are  given  by 
Yxy  «  dU/dy  +  BV/dx 

yyz  =  av/az+aw.%  (2.2) 

Y„  =  auy0z+aw/9x 

Substitution  of  expression  (1)  into  (2.1)  and  (2.2)  and  finally  in  Equation  (2)  gives: 

n1>|-{s}T[K]{8} 

where  {5}T  =  {uj,  vj,  wj, . . . ,  ug,  vg,  wg]  and  [K]  is  the  stiffness  matrix.  The  integrations 
involved  in  the  evaluation  of  [K]  have  been  performed  exactly,  and  [K]  can  be  evaluated  explicitly 
in  terms  of  the  element  dimensions  a,  b,  c  and  material  constants  Xandp. 

The  three-dimensional  solid  brick  element  together  with  other  standard  structural  elements 
such  as  beam  or  bar,  is  sufficient  to  give  detailed  stress  distribution  in  joints  (Figure  4-2),  etc. 
Nonlinearities  in  constitutive  equations  due  to  stress  dependent  moduli  can  also  be  accounted 
through  an  iteration.  Elastoplastic  analysis  can  be  performed  using  special  algorithms,  as 
discussed  by  Zienkicwicz  [14] 

4,2  Global  Analysis 

The  overall  response  of  pavement  under  multiple  loads  can  of  course  be  obtained  using  the 
three-dimensional  solid  dement  presented  in  the  previous  sections.  In  fact,  this  is  the  approach 
foUowed  by  Ioannides  and  coworkers  [IS],  and  also  Kokkins  [10],  who  employed  the  NISA 
commercial  code.  A  disadvantage  of  such  an  approach  is  the  large  number  of  degrees-of-freedom 
involved,  and  the  resulting  computer  time.  In  view  of  the  antidpated  devdopraents  in  high  speed 
high  capacity  workstations  and  PCs  in  the  next  decade,  the  computer  time  may  not  be  a  serious 
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Figure  4-2.  Example  of  Local  Analysis 
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consideration  in  future.  Still,  a  large  number  of  parametric  trade  studies  will  be  required  in  the 
development  of  advanced  unified  treatment  of  pavements.  Therefore,  it  appears  desirable  to 
develop  an  alternate  fast  converging  solution  methodology  for  the  global  response  of  pavements. 

The  method  proposed  here  is  intended  for  this  purpose.  It  will  also  form  a  check  on  the 
solutions  developed  by  the  standard  three-dimensional  solid  brick  element 

4.2.1  Integral  Transform  Approach 

Figure  4-3  shows  the  cross  section  and  the  coordinate  axes  for  the  multilayer  pavement 
structure.  The  proposed  approach  consists  of  the  following  steps: 

1 .  Start  with  three-dimensional  equations  of  elasticity  in  displacements. 

2 .  Take  Fourier  integral  transform  in  x-direction  for  all  the  displacement  components  and 
applied  loads. 

3 .  Derive  the  three  differential  equations  for  the  transformed  displacement  components 
from  step  1 ,  which  will  be  in  two  dimensions  (y,  z). 

4 .  Construct  a  variational  formulation  for  solution  of  differential  equations  in  the  two 
dimensions. 

5 .  Minimize  the  integral  using  two-dimensional  FE  approach. 

6 .  Perform  numerical  integration  of  the  Fourier  integrals. 

Theoretical  Equations 

The  equilibrium  equations  are: 

(X +(!)§*■ +  (1^=0 

(2 

(x+vOll+uvNv^o 
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Figure  4-3.  Coordinate  System  for  Multilayer  Pavement  Structure 
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U,V,W  : 
X,  p.  : 


displacement  components  along  x,  y  ind  z 
Lame's  constants 
hydrostatic  strain 
Laplace  operator 

aw+w+aw 


FoEowing  Tranter  [16],  the  Fourier  integral  transforms  are  defined  by. 


U  =-7==  I  usin^xd^ 

V  2m  ' 


cx 

=7&0f 


v  cos  £x  dl; 


oo 

W  =  -~r  J  WCGS^Xdi; 


Here,  u,  v,  w  are  transformed  displacements  which  are  functions  of  y,  z  (cross-sectional 
coordinates)  and  the  transform  variable  %. 

Noting  that, 

3(v2u)“7fcJ(-|2"+&+&)sia4xd? 

The  differential  equations  for  transformed  displacements  are 
(X  +  ^)(-^2u  +  ^v'  +  £vv)  +p.(-l;2u  +  u"  +  &)  *0 
(X+ja)(£u'  +  v"  +  +  -^2v+v“+v]»0 

v'*+w)  +  }l[  -4ZW-fW*  +  w]  «0 

The  variational  formulation  for  the  foregoing  differential  equations  can  be  shown  to  be 
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£2  =  Jj*  {—(v*  +  w  +  ^u)  +  |i[^2u2  +  v,2  +  w2  ] 


Hr 


2  2  2*1 1 
(v  +  w')  +(u'-|v)  +(u-^w)  Jdxdy 


}q(^.  y)  w(y, 


Ody 


Here,  q  is  the  intensity  of  load  on  the  pavement  surface. 

According  to  the  calculus  of  variations,  minimization  of  Q.  with  respect  to  u,v,w  which 
satisfy  the  geometry  boundary  conditions  gives  the  solutions  of  the  transformed  displacements.  To 
prove  this,  one  can  apply  Euler's  equations,  or  take  the  variation  with  respect  to  virtual 
displacements  (see  Sokolnikoff  [17]).  The  details  of  proof  will  be  omitted  in  this  paper. 

The  application  of  Fourier  integral  to  the  solution  of  half  space  problems  has  been  done  by 
a  number  of  authors  in  classical  mechanics.  In  fact,  double  and  triple  integral  transforms  have 
been  used  successfully  by  Fryba  [18],  and  inversions  of  the  transforms  have  been  performed 
numerically,  when  it  is  difficult  to  obtain  solutions  in  closed  forms  [16]. 

To  facilitate  solutions  for  any  layered  pavement  structure,  we  divide  the  cross  section  into  a 
number  of  "two-dimensional"  EE  and  construct  the  stiffness  matrix  using  expression  (6).  The 
two-dimensional  stiffness  matrix  can  be  assembled  and  solved  using  standard  procedures  for  each 
assumed  value  of  the  "harmonic,"  4- 

For  the  rectangular  element  shown  in  Figure  4-4,  the  shape  functions  are 
Vj  =  (1  -  y/b)(l  -  2/c) 

V2  =  Wd  '  z/0) 

V3  =  (y/b)(z/c)  (10) 

V4  =  (1  -  y/b)(z/c) 
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u  = Vi  ♦  u2Y2  +  u3x|/3  +  u4v4 
v  =  vl¥l  +  V2v2  *  V3v3  +  v4y4 
w  =  w  v  +  w2v2  +  w  i|r  +  w4v4 


Figure  4-4.  Rectangular  Element  with  Corner  Nodes 


The  stiffness  matrix  can  be  derived  explicitly  in  terms  of  the  element  size  b,  c  and  element 
material  properties  X  and  4.  A  computer  program  is  being  developed  with  routines  for  data  input 
(nodal  coordinates  and  material  properties),  assembly,  boundary  condition  application,  solver  and 
processing  output  data.  The  boundaries  in  the  soil  are  terminated  at  sufficiently  large  depth  and 
width,  wliich  are  determined  from  a  previous  work  [15].  Displacements  normal  to  these 
boundaries  are  constrained  as  in  Figure  4-5. 

4.2.2  Numerical  Results 

Numerical  results  are  obtained  for  a  few  benchmark  problems  to  prove  the  validity  of  the 
proposed  method.  The  problems  studied  are  Westergaard  pavement  on  elastic  springs,  and  slab  on 
half  space.  Figure  4-6  shows  the  Westergaard  problem.  Figure  4-7  gives  the  FE  idealization  used 
for  the  numerical  work.  Figure  4-8  shows  the  results  for  displacements,  which  are  in  reasonable 
agreement  with  the  published  values.  In  this  problem,  £  is  varied  at  0.01  intervals  for  about  the 
first  100  values. 

In  the  second  problem,  the  concrete  slab  (E  =  4  x  106  psi,  t)  =0. 15)  of  size  15  ft  x  8  in.  is 
resting  on  the  half  space  of  soft  soil  (E  *  76  82  psi,  o  =  0.45).  A  symmetric  interior  load  of  30 
Kips  is  applied  over  an  area  of  12  x  12  in.  The  FE  model  for  a  symmetric  half  of  the  cross  section 
is  shown  in  Figure  4-9.  The  maximum  deflection  is  found  to  be  about  0.03  in.,  which  is  in 
reasonable  agreement  with  the  published  value.  The  deflection  variation  of  the  slab  top  surface  in 
the  transverse  direction  is  shown  in  Figure  4-10.  The  vertical  stress  distribution  is  shown  in 
Figure  4-11.  These  results  are  in  reasonable  agreement  with  published  results. 

The  method  can  be  applied  for  simultaneous  inclusion  of  multiple  wheel  loads. 

Figure  4-12  shows  the  deflection  results  for  a  four-tire  loading  configuration. 

4.2.3  Advantages  and  Comparison  with  Other  Methods 

The  Fourier  integral  transform  together  with  the  two-dimensional  FE  offers  certain 
advantages  in  the  solution  for  global  response  of  the  multilayered  pavement  response.  When 
applied  in  conjunction  with  the  local  analysis  using  the  three-dimensional  solid-brick  element,  the 
method  has  the  potential  to  handle  material  nonlinearities  and  structural  discontinuities  as  well 
However,  this  has  not  been  demonstrated  as  yet  in  the  work  reported  here. 

Tables  4-1  and  4-2  present  a  comparative  summary  of  the  characteristics  of  the  present 
method,  the  BISAR  code  and  the  conventional  FE. 


556 


w«o 


Figure  4*5.  Assumed  Boundary  Conditions 
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Figure  4*6.  Westergaard  Benchmark  Modal  with  Square-interior 

Pressure  Load 
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Figure  4-7.  FE  Idealization  of  Westergaard  Slab 
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Figure  4*8.  Displacement  Desuits 
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Figure  4-10,  Deflection  Variation  with  Distance 


Figure  4-11.  Vertical  Stress  Distribution 
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Figure  4*12.  Multiple  Load  Case 
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Table  4-1.  BISAR  versus  Present  Method 


BISAR 


Circular  loading 


Present  Method 


Rectangular  loading/multiple  loads 


Two-dimensional  axisymmetric  theory  •  Three-dimensional  theory 


Plane  strain  solution  not  represented 
Not  ideal  for  finite  width  pavements 


Plane  strain  solution  included 
Well  suited  for  finite  size  pavements 


Table  4-2.  Three-Dimensional  Conventional  versus  Present  Method 


Conventional  FE  Method 

Present  Method 

•  Large  DOF,  labor  intensive 

•  Easy  mesh  generation 

•  Finite  boundaries  at  x  =»  ±/ 

•  No  finite  boundary  In  the  x- 

direction.  Asymptotic  estimate  for 
targe  x  can  be  made 

•  No  explicit  plane  strain  solution 

*  Explicit  plane  strain  solution 

included 
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